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SUMNARY OF AIRFOIL DATA

By IZA H. ABBOTF, ALBEET E. vox DOEXHOFF, and Loma S. SZWE~=,

SUMMARY

Recent airfm”l data for both jlight and uind-tunnei test$ hare
been collected and correlated insofar ag po88?”ble. The Jight
data consist largely of drag meawrements made by the wah-e-
surwy method. .ilfost of ~he data on airfoil section chamcteria-
tic~ were obtained in tb Langley twodimemional lotirbulence
pressure tunnel. Ddail data necewmy jor the application of
AIACA 6-serie8 airfaik to un”ngdesign are presented in wLp-
plementay $gureg, together with recent data for the A’.CA 00-,
14-, 24-, &-, and %Waem”es airfoif8. The general methods
u8ed to derire the basic thiCh’ne88-forms for NACA 6- and
7-series ainfcrils and t)wir corresponding pre8sure distributions
are pre8mted. Data and method~ are giren for rapidly obtain-
ing the approm.mate pre8wre dish-ibutiona for A’ACA four-
digit, jiredig”t, 6-, and 7-serz”e8airfoils.

me report include8 an analysis of the lijl, drag, pitching-
moment, and critical-speed charaderi8iic8 of the airfoils, to-
gether m“th a di8&u88ion of the efect8 of wmjace condition.
Data on high-fifi dernce8 art? presented, Proble?n8 a880ciated
un”thlateral-control derim, leading-edge air intake8, and inter-
ference are brieJy di8cu88ed. Xte data indicate that the effects
of wmface condition on the lifi and drag characteristic~ are at
tea-d a~ large a8 the eJect8 of the airjtil shupe and must be
considered in airfoil selection and the prediction of uing churac-
teri.dica. llirjW8 permitting eztew”re laminar jlow, such as
the LVACA 6-series airfoi18, hare much lower drag coe.@%nt8
at high 8peed and cruiw.ng li$ coejicieni8 than earlier type8 oj
airfoif8 if, and only if, the wing swrjace8 are w@ciently smooth
and fmir. The NAGM 6-aen”es airfoils also hare faromble
critical-speed characteri8tic8 and do not appear to prtxeni
unwmal problem~ associated with the apphkation of high-lift
and latem[+ontrol de.?nke8.

INTRODUCTION

-4 considerable amount of airfoil data has been accumulated

from tests in the LangIey two-dimensional low-turbulence
tunnels. Data have dso been obtained from tests both in
other wind tunnek and in flight and include the effects of
high-lift devices, surface irregukities, and interference.
Some data are also available on the effects of airfoil section
on aileron characteristics. Although a large amount of these
data has been published, the scattered nature of the data
and the limited objectiv= of the reports have prevented
adequate analysia and interpretation of the resuks. The
purpose of this report is to summarize these data and to
correlfite and interpret them insofar as possible.

Recent information on the
NACA airfoik h presented.

JB.

aerodynamic characteristics of
The historical development of

ATACA airfoils is briefly reviewed. L-ew data are presented
that permit the rapid calctdation of the approximate prcszure
distributions for t-he older NAC?A four-digit and five-digii
airfoils by the same methods used for the NACA 6-series
airfoils. The general methods used to derive the basic thick-
ness forms for hTACA 6- and 7+eries airfoils together -with
their corresponding pressure distributions are presented.
Detail data neceas~ for the application of the airfoik to
wing design are presented in supplementary figures placed at
the end of the paper. The report includes an analysis of
the lift, drag, pitching-moment, and criticakpeecl charac-
teristics of the airfoils, together with a discussion of the
effects of surface conditions. Available data on h~h-lift
devices are presented. Problems associated with lateral-
control devices, leading-edge air intakes,and interference
are briefly discussed, together with aerod~amic problems
of application.

ATumbered &u.res are used to iUustrate the text and to
present miscellaneous data. Supplementary figures and
tables are not numbered but are conveniently arranged at
the end of the report according to the numerical ckignat ion
of the airfofl section within the following headings:

I—Basic Thickness Forms
11-Data for Mean Lines

111-Airfoil Ordinates
13”-Predicted Critical Mach h’urnbers

Y—Aerodynamic .Characteristics of Tarious Airfol
sections

These supplementary figures and tables present the basic
data for the airfoik.

A
A=, B.
a

b
bf,

b,,
CID
c“..,
c.

SYMBOLS

aspect ratio
Fourier series coefficients
mean-Iine designation, fraction of chord from lead-

ing edge over which design load is uniform; in
derivation of thickness distributions, basic length
usually considered unity

&%;:: inboard
flap span, outboard
drag coefficient
drag coefficient at zero lift
Mt. coefficient
increment of m~~imum Iift ctmsed by flap deflection

259
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chord
aileron chord
section drag coefficient
minimum section drag coefficient
flap chord, inboard
flap chord, outboard

flap-chord ratio

h
section aikwon hinge-moment coefficient

()2
increment of nileron hinge-moment coefficient at

constlnnt lift
hinge-moment parameter
section lift coefficient
design section lift coefficicn t
moment coefficient about. aerodynamic center
moment coefficient about quarter-chord point
section nornml-form coefficient
clrag
loss of total prcss&
free-stream total preswre
section aileron hinge moment
exit height
constant
lift
Mach number
critical Mach number
typical points on upper and low;er surfaces of airfoil

()
pressure coefficient ~

critical pressure coefficient
resultant pressure coefficient; difference between

local upper- and lower-surface pressure coefficients
local static pressure; also, angular velocity in roll in

pb/2V
free-stream static pressure
Mix angle of wing tip
free-stream dynamic pressure
RevnoMs number -.
critical Reynolds number

Ho–p
()

pressure coefficient —
!70

fist airfoil t.hickneas ratio
second airfoil thickness ratio
free-stream vdocity
inlet velocity
local velocity
increment of local velocity
incrc.ment of local velocity

type of load distribution
caused by rdditiond

velocity ratio corresponding to thickness fl

velocity ratio corresponding to tbicknws tg

clistance along chord
mean-line abscissa

abscissa of lower surface
abscissa of upper surfnce

cbordwise position of transition

distarwe perpcmlicu]m to chord
mean-line ordinnte
ordinate of lrnvcr surffiec
ordinato of symmetrical thickness distribution
ordinate of upper surfnre
complex variable in circle plane
complex varinble in ncwr-circle plnne
angle of at[~ek

section nileron cffvrtivcncss parntnctcr, rntio of
change in section angle of attack to incrcmcnt of
aileron deflcc[ion at. n constant wduc of lift
coefficient

angle of zero ~t

section nngle of attack
increment of section nnglo of nt hick
section angle of attmk corresponding to dwign

lift coeffieicn~
flap or aileron deflection; down drflcction is posit ivc
flap deflection, inbonrcl
flap de.i?ce[ion, outboard
airfoil parameter (@–0]
value of c at trtiiling cdgo
complex variablo in ~irfoil plnnc
i@gular coordintite of 2’; also, nnglc of whirh ta~~grflt

is slope of mean line

(Tip chordt tiper ratio ~~o~~liord
)

(
Effective Rcwolds number

turbulence factor ---Test Reynolds number )
ringnlar coordinate of 2
airfoil parameter dutcrmining raclhll coordinate of :

average value of +
(233”)

HISTORICAL DEVELOPMENT

The development of types of NTiiCA airfoils nmv in com-
mon uso was started in 1929 with a systenmt ic inwxt iglntion
of a fam~ of airfoib in the Lnnglcy variabh!-dmsit.y tunnrl.
Airfoils of this family were dcsignnted hy numbers hti~ing
four digits, such as the hTACA 4412 nirfoil. All airfoils of
this family had the same tmsic thi&ness (list ribut ion @cfer-
ence 1), and the amount find type of camber wm systcmn t i-
ca.Uy varied to produce the family of relatrd nirfoils. This
investigation of the NACA airfoils of the four-digit series
produced airfoil sections hnving higher mnsimum lift
coefticien.ts and lower minimum drag cocfficicmts tlmn those
of sections developed before that time. The investignt ion
also provided info]wation on th: chngcs in nmodynan~ic
charactex%tics resultiug from variations of gcwmehy of [IW
mean line and thickness ratio (reference 1).
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The investigation was extended in references 2 and 3 to
include airfoils with the same thickness distribution but
with posit iona of the m~ximum camber far forward on the
airfoiI. These airfoik were designated by numbers having
five di@, such as the NACA 23012 airfoil Some airfoils
of this family showed favorabIe aerodynamic characteristics
except for a Iarge sudden loss in lift at the stall.

Although these investigations -were extended to include a
Iimited number of airfoils with varied thickness distriJm-
tions (references 1 and 3 to 61, no extensive irrrestigat ions of
thickness distribution were made. Comparison of experi-
mental dmg data at low M coefficients with the sh%-
friction coefficients for flat. plates indicated that nearly all
of the profiIe drag nuder such conditions was attributable
to skin fiictiom It vias therefore apparent that any pro-
nounced reduction of the protie drag must be obtained by a
reduction of the skin friction through increasing the reIative
extent of the Iaminar boundary layer.

Decreasing pressures in the direction of flow and Iow air-
stream turbulence were known to be favorabIe for laminar
flow. An attempt was accordingly made to increase the
reIative extent of Iaminar flow by the development of air-
foiIs having favorable pressure gradients over a greater
proportion of the chord than the airfoils deveIoped in refer-
ences 1, 2, 3, and 6. The actuaI attainment of extensive
Iaminar boundary layers at Iarge Reynolds numbers was a
previously unsoIved e~erimental problem requiring the
de-reIopment of nevr test equipment with very low air-
stream turbulence. This work was greatly encouraged by
the experiments of Jones (reference 7], who demonstrated
the possibility of obtaining extensive laminar layers in flight
at relat i-rely Iarge Reynolds numbers. Uncertainty with
regard to factors affecting separation of the turbulent
boundary Iayer required experiments to determine the
possibility of making the rather sharp pressure recoveries
required over the rear portion of the new type of airfoil.

A7ew wind tunneIs were designed specifically for teat ing
airfoils under conditions cIoseIy approaching flight condi-
tions of air-stream turbulence and Rey-nolds number. The
resulting wind tunneIs, the Langley tvm-dimensional Iow-
turbulence tunnel (LTT) and the Langley twodimensionaI
Iow--turbulence pressure tunnel (TDT), and the methods
used for obtaining and correcting data are brielly described
in the appendix. In these tunnels the models completely
span the comparatively narrow test sections; two-
dimensional flow is thus provided, which obviat+s difficulties
previously encountered in obtaining section data from
tests of tite-span winga and in correcting adequately for
support interference (reference 8).

Ditlicult.y was encountered in attempting to design air-
foils having desired pressure distributions because of the lack
of adequate theory. The Theodorsen method (reference 9),
as ordinarily used for calculating the pressure distributions
about airfoils, was not suflkiently accurate near the leading
edge for prediction of the local pressure gradients. h the
absence of a suitabIe theoretical method, the 9-percent-
thick symmetrical airfoil of the NACA 16-series (reference 10)

s4aIo7-5Gls

vias obtained by empirical modification of the previously
used thickness distributions (reference 4). These NACA
16-series sections represented the flrat fandy of the Iovr-drag
high-critical-speed sections.

Successive attempts to design airfoiIs by approximate
theoretical methods led to fmniIies of airfoils d&gnated -..—.-
~TACA 2- to 5-series sections (reference II). Experience with
these sections showed that. none of the approximate methods
tried vm.s suflicientIy accurate to show correctly the effect
of changes in prdtie near the leading edge. Wind-tunneI
and flight teats of these airfoils showed that extensive laminar . ..”-”
boundary Iayem could be maintaind at comparat iveIy large
values of the Reynolds number if the airfoil surfaces were
sticiently fair and smooth. These tests also provided
qualitative information on the efFects of the magnitude of
the favorabIe pressure gradient, Ieading-edge radius, and other
shape variables- The data aIso showed that separation of
the turbulent bounda~ layer over the rear of the section,
especially with rough surfaces, Iimit ecl the extent of laminar
layer for which the airfoiIs should be designed. The air-
foiIs of these earIy families generaIIy showed relatively low
maximum lift coefficients and, in many cases, were designed
for a greater extent of Iaminar flow than is practical. It was
learned that, although sections designed for an excessive . ._
~xtent of Iaminar flow gave extremeIy Iovr drag coefEcients . .. ~=
near the design Iift coefficient when smooth, the drag of such
sections became unduIy Iarge when rough, particularly at Lift
coefficients higher than the design lift. These families of . .
airfoiIs are accordingly considered obscdet e.

The NACA 6-series basic thickness forms were deri~ed by
new and improved methods described herein in the section
“Methods of Derivation of Thickness Distributions,” m ac-
cordance wit h design criterions established with the objective
of obtaining desirable clng, criticaI Mach number, and
maxinmdift characteristics. The present report deala largely
with the characteristics of these sections. The develop-
ment of the ISA(2A 7-series famiIy has aIso been stinted.
This fandy of airfoils is characterized by a greater extent of. ___
laminar flow on the Iovrer than on the upper surface. These
sections permit low pit thing-moment coefficients with mod-
erately high design Iift coefficients at the expense of some
reduction in maximum lift and critical Mach number.

A&nowIedgement is gratefully expressed for the expert
guidance and many original contributions of Mr. Eastman
AT.Jacobs, -who initiated ancl supervised this work.

DESCRIPTION OF AIRFOILS

METHOD OF COMBININGMUX LINES&YDTHICKNESSDISTRIBUTIONS

The cambered airfofl sections of all hTMIA families con-
sidered herein are obtained by combining a mean Iine and a
thickness distribution. The necessary gmmetric data and
some theoretica~ aerodynamic data for the mean lines and
thickness distributions may be ob taiued from the supple-
mentary figures by the methods described for each family of
nirfoik.
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Fmcm L-Method ofcornbtnlngmeanlfncsandbasicthicknessforma.

The process for combining a mean Iine and a thickness
distribution to obttiin the desirecl cambered airfoil section is
ilhstrated in figure 1. The Ieading nncI trailing edges are
defined as the forward and rearward extremities, respectively,
of the mean line. The chord line is defined as the straight
line carmecting the Iea.ding and trailing edges. Ordinat~ of
the cambered airfoil are obtained by laying off the thickness
distribution perpendicular b the mean line. The abscissas,
ordinates, and slopes of the mean lfie are designated m ZC,

Y,, and tan 8, respectively. If Xu afid yu represent, respec-
tively, the abscissa and ordinate of a typical point of the
upper surface of the airfoil and y’ is the ordinate of the
symmetrical thickness distribution at chordwise position z,
the upper-surface coordinates are given by the following
relations:

zlJ=z-y* sin 6 (1)

Yu=Yc+Yl Cos d (2)

The corresponding exprewions for the lower-surface coordi-
nates are

Xz=z+yt sill 13 (3)

yL=y,—y, COS”6 (4)

The center for the Ieading-edge radius is found by drawing
a Iine through the end of the chord at the leading edge with
the slope equal to the slope of the mean line at that point
and laying off a distance from the leading edge aIong this line
eq uaI to the leading-edge radius. This method of COKLStrUC-

tion causes the cambered airfoils to project slightly forward

of the leading-edge point. 13ecuuaa tho slom at the Icding
edge is theo;etic;ll~ Mnite for tho nma; lines having ;
theoretically linite Ioad at the leading edge, the dopo of tho
radius through the end of the chmd for such mcnn lincg is

usually taken as the slope of the mean line at, $=0.005. This
c

procedure is justified by tho manner in which the slopo
increasm to the t.heoretica]ly infinite vtilue as x/c appronclics
O. The slope increases slowly until very small values of z/c
are reached. Large values of tho alopo are thus limited to
values of x/c very CIOSOtoo and maybe negIcctcd in pnwticrd
airfod design.

Tables of ordinates tire included in the supplement my dahi
for all airfoils for which standard chnrncteristics are presented.

NACA FOUR-DIGIT-SERIZSAIRFOILS

Numbering system.—The numbering systmn for tJIe
NACA airfoils of the four-digit series (rcfcrcncc I) is Imacd
on the airfoil geomet~. Tho first integer indicates tho
maximum value of the menn-line ordinate yc in pwccn Lof tho
chord. The second integer indicah?s tho distanco frum t.ho
leading edge to the locmtion of tho maximum m]nbvr in
tenths of the chord. The last two intqym indicate tho
airfoil thickness in percent of the chord. Thus, the hTACA
2415 airfoil has 2-percemt camber at 0.4 of the chord from tlm .
leading edge and is 15 percent thick.

The first two integem taken together defino the mcnn line,
for csxunple, the NACA 24 mean line. The symnwt rical air-
foil sections representing the thickness distribution for a
family of airfoils are designated by zeros for the tll~t two
intagers, as in the case of tho NACA 0015 airfoil.
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Thickness distributions.-Data for the ATACA 0006,0008,
0000, 0010, 0012, 0015, 0018, 0021, and 0024 thickness
distributions me presented in the supplementm-y “I&ures.
Ordinates for intermediate thicknesses may be obtained
correctly by scaling the t abuht ed ordinates in proportion to
the thickness ratio (reference 1). The lerding-dge radius
varies as the square of the thickness ratio. T-dues of
(0/17 z,.which is equivalent to the low-speed pressure distri-
bution, and of D/T- me aLso presented, These data were
obtained by Theodorsen’s methocl (reference 9). Va.Iues of
the ~eIocity increments Av=/l” induced by changing angle of
attack (see section “Rapid Estimation of Pressue Distribu-
tions”) are ako presented for an additional Iift. coefficient of
appro.ximateIy unity. Values of the veIocity ratio u/V for
intermediate thickness ratios may be obtaind. approxim-
ately by Iinear scaIing of the velocity increments obtained
from the tabulated wdues of u/V for the nearest thickness
ratio; thus,

(;.),=[(;.),,-1];+1 (5)

Yaks of the veIocity-increment ratio Ao./~”may be obtained
for intermediate thicknesses by interpolation.

Mean Iines.-Dat.a for the NACA 62,63,64,65,66, and 67
mean Iines are presented in the supplementary figures.
The data presented include the mean-line ordinates y., the
slope dyJdx, the design lift coefficient Clf and the corre-
sponding design angle of attack at, the moment coefficient
c~c,,, the resultant pressure coefficient PE, and the veIocity
rat io Ao/~7. The theoretical aerodynamic characteristics
were obtained from thin-airfoil theoqr. AIl t.abuhited vahwa
for each mean line, accordingly, vary Iinetirly with the maxi-
mum ordinate y., and dat u for simdar mean I&s with
different amounts of camber within the USUSIrange maybe
obtained simpIy by scaling the tabulated vahws. Da.t a
for the NACA 22 mean Linemay thus be obtained by multi-
plying the data for the NACA 62 mean Iine by the ratio 2:6,
and for the NACA 44 mean Iine by multiplying the data for
the NACA 64 mean Iine by the ratio 4:6.

NACAFIYE-DIGITSEKUSSAIRFOILS

Numbering system.—The numbering system for airfoils of
the ATACA fi~e-digit series is based on a combination of
t.heoreticd aerodynamic characteristics and geometric char-
acteristics (references 2 and 3). The first integer indicates
the amount of camber in terms of the relative mabwitude of
the design lift coefllcient; the design Iift coefficient in tenths
is thus three-halves of the first integer. The second and third
integers together indicate the distance from the leading edge
to the location of the maximum camber; this distance in
percent of the chord is one-half the number represented by
th~e integers. The Iast two integers indicate the airfoil
thickness in percent. of the chord. The h’ACA 23012 airfoil
thus has a design lift coefficient of 0.3, has its masimum
camber at 15 percent of the chord, and has a thiclcn= ratio
of 12 percent.

Thickness distributions.-The thic+ness distributions for
airfoils of the ~NACA five-digit series are the same as those
for airfoils of the iACA four-digit series.

Mean Ii.nes,-Data for the XACA 210, 220, 230, 240, and
250 mean hues are presented in the supplementary figures
in the same form as for the mean lines given herein for the
fourdigit series. All tabulated vahms for each mean line
vary linearly with the mmirnum ordinate or with the design
Iift coei%cient. Thus, data for the NAC!A 43o mean Iine
may be obtained by multiplying the data for the NACA 230
mean line by the ratio 4:2 and for the ~NACA 640 mean line
by muItipIyirg the data for t-he hT.&CA 240 mean line by
the ratio 6:2.

XACA1-SERIES.WWOII,S

Nm.nbering system.—The hT.ACA l-series airfoils are des-
ignat ed by a five-digit number-as, for e..ample, the
NACA 16-212 section. The fit integer represents_ the
series designation. The second integer indicates the “&s-
tance in tenths of the chord from the leading edge to. the
position of minimum pressure for the symmetrical section
at zero lift. The fit number folIowing the dash indicates
the amount of camber e.xprersed in terms of the design Iift
coefficient in tenths, and the last two numbe~ together
indicate the thickness in percent of the chord. The com-
monly used sections of this famiIy have minimum pressure
at 0.6 of the chord from the Ieading edge and are usually
referred to as the NACA 16-series sections.

Thickness distributions.-Data for the NACA 16-006,
16-009, 16-012, 16-015, 16-018, and 16-021 thickness
distributions (reference 10) are presented in the supplemen-
tary figures These data are similar in form to the data for
those airfoik of the NACA four-digit. series, and data for
intermediate thichmess ratios may be obtained in the same
manner.

Mean lines.-The NAC.A 16-series airfoils as commonly
used are cambered with a mean line of the uniform-Ioad
type (a= 1.0), which is described under the section for the
NACA 6-series airfoiIs that follows. If rmy other type of
mean Iine is used, this fact should be stated in the airfoil
designation.

XACAGSEEUE9AIEFCILL9

Numbering system,—The NACA 6-series airfols are usu-
ally designated by a six-digit nuber together ~th a state- . ..
ment showing the type of mean line used. For exampIe,
in the de&nation ATACA 65,3–218, a=O.5, the “6” is ._.
the series designation. The “ 5“ denotes the chordwise

position of minimum pressure in tenths of the chord behind
the Ieading edge for the basic s.-etric~ section at zero
Mt. The “3” following the comma gives the range of lift
coefficient in tenths above and below the design lift coefficient
in which favorable pressure gradients e-xist on both surfaces.
The “ 2“ folIowing the dash gives the design Ut coefi!i.ggt__
in tenths. The last two digits indicate the airfoil thickness
in percent of the chord. The designation “a= 0.5N showa
the type of mean line used. When the mean-Iine designa-
tion is not given, it is understood that the uniform-load
mean Iine (a= 1.0) has been used.
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When the mean line used is obtained by combining more
than one mean line, the design lift coefficient used in the
designation is the algebraic sum of the design lift coefficients.
of the mean lines used, and the mean lines are. described in
the statement foIIowing the number win the following case:

{

a=O.5, cli=0.3
NACA 65,3-218

(2=1.0, c2i=—o.l 1

AirfoiIs having a thickness distribution obtained by linearly
increasing or decreasing the ordina@s of one of the originally
derived thickness distributions are designated as in the follow-
ing example:

NACA 65(318)-217, a=O.5

The significance of all of the numbers except those in the
parentheses is the same as before. The fist number and the
last two numbers enclosed in the parentheses denote, respec-
tively, the low-drag range and the thickness in percent of
the chord of tlm originally derived thickness distribution.

The more recent NACA (l-series airfoils are derived as
members of thickness families having a simple relationship
between the confonmd transformations for airfoils of different
thickness ratios but having minimum pressure at the same
chordwise position. These ~airfoils are distinguished from
the earlier individually derived airfoihdy writing the num-
ber indicating the low-drag range as a subscript; for example,

NAC.?At35,-218, a=O.5

For NACA 6-series airfoils having a thickness ratio 1sss
than 0.12 of the chord, the subscript number. indicating the
Iowdrag range should be less than unity. Rather thwl use
a fractional number, a subscript of unity was originally em-
ployed for these airfoils. Since this usage is not consistent
with the previous ddnition of a number indicating the low-
drag range., the designations of airfoil sections having a thick-
ness ratio less than 0.12 of the chord are now given without
such a number. As an example, an NACA 6-series airfoil
having a thickness ratio of 0.10 of the chord would be
designated:

NACA 65-210 ‘“ .

Ordinates for the basic thickness distributions designated by
a subscript are slightly different from those for the corre-
sponding individually derived thickness distributions. As
before, if the ordinates of the basic thickness distribution
have been changed by a factor, the low-drag range and thick-
ness ratio of the original thickness distribution are enclosed
in parentheses a9 follows:

NACA 65a,*)–217, a=O.5

If, however, the ordinatea of a basic thickness distribution
having a thickness ratio less than 0.12 of the chord have been
changed by a factor, tie numbsr indicating the low-drag
rrmge is eliminated and only the original thicknw ratio is
enclosed in parentheses as follows:

NACA 65(,0)-211

If the design lift coefficient in tenths or the airfoil thickness
in percent of chord are not whole integers, the numbers
giving these quantities are usualIy enclosed in parentheses as
in the following designation:

NACA 65(s,s,-(1.5) (16.5), a=O.5

Some early experimental airfoils arc designated by the in-
sertion of the letter “x” inunediately prcccding thr hyphen
as in the dmignation 66,2x-115.

Thickness distributions,- ~Data for availahIe IVAC’AG-series
thickness forms are prwcnkl in the supphvncmt nry
figures. These data are comparalde with the similnr dnta
for airfoils of the NACA four-digit series, csccpt thtit ordi-
nates for intermediate thickness mny not l.w corrcctiy ob-
tained by scaIing the tabulated ordinntcs proportional to the
thickness ratio, This method of chnnging thv ordinates by
a factor will, however, produce shapes satisfarturily approx-
imating members of the family if the change iu thickness
ratio is small. Vnhws of o/V and Ae~/1° for intwnwdifitc
tb~ckness ratios may be approximated as dcscribcd for the
NACA four-digit series. “

Mean lines .—The mean lines commonly used with the
NACA tl+erics airfoils produce a uniform chordwisc lending

from the Ieading edge to the point ~=a and n Iinctirly &-

creasing load from this point to the trailing cdgr. Dn tn
for NACA mean lines with vnhms of a cqnnl to O, 0.1, 0.?,
0.3, 0.4, 0A5, 0.6, 0.7, 0.8, 0.9, and 1.0 are prmcn[cci in [hc
supplement.ary figures. The ordinates were computrd by
tho following formula, whit~h represents n simplifim(ion of
the originnl expression for mean-lint’ ordinates given in
reference 11:

IL=
c 2Aidw(a-w’4a-:1

(G)

where ._ .—

.[
fi.=&a ;

1
(1–u)’ log, (l–a)–! –a)’ +g

.
~ (1

The ideal angle of attack u~ corresponding 10 the drsign
lift coefficient is given by

C!*.,=–L. —. —
2T(a+l)

The data are presented for n design lift cocfflricut Cif
equal to unity; All tabulated values vary (Iircctly with
the design lift cocflkient. Corresponding datn for similnr
mean Iin= with otlm design lift coefllcicnta may accordingly
be obt.shed simply by multiplying the tnlmlntcd vnluca by
the desired (lcsign lift coefficient.

In order to cnmber hTACA 6-series airfoils, mcnn iiIms arc
usually used having values of a equal to or grmtcr than 1hc
distance from the leading edge to thv lorntion of minimum
pressure for the selected thickness distribution al. zero lift.
For special purposes, lord distributions othor thnn thusc
corresponding to the simple mmn lines mny h obt nimd by
combining two or more types of mwm line having posit ivo or
negative values of the design lift cocffic.icut. The geometric
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and aerodynamic characteristics of such combinations maybe
obtained by algebraic addition of the values for the compo-
nent mean lines.

NACA~-SZllI~ AIRFOILS

Numbering system,—The Xi\CA 7-series airfoils are desig-
nated by a number of the following type (reference 12):

XACA i47A315

The first number “7” indicates the series number. The
second number “4” indicates the extent over the upper sur-
face, in tenths of the chord from the leading edge, of the
region of fa~orable pressure gradient at the design lift coeffi-
cient. The third number “7” indicates the dent. over the
lower surface, in tenths of the chord from the leading edge,
of the region of favorable pressure gradient at the design lift
coefficient. The significance of the last group of three mnn-
bers is the same as for the previous NACA 6-series airfoils.
The Ietter “A” wtich follows the first three numbem is a
mriaI letter to diet inguish clifTerent airfoils ha-ring pars.met ers
that would correspond to the same numerical designation.
For exampIe, a second airfofl having the same extent of
favorabIe pressure gradient over the upper and Iower sur-
faces, the same design lift coefficient, and the same maximum
thickness as the original airfoil but having a ditlerent mean-
line combination or thickness distribution would have the

serial Ietter “?3.” Mean lines used for the h’ACA 7-serks
airfoils are obtained by combining two or more of the pre-
tiousIy described mean lines. A list of the thickness dis-
tributions and mean lines used to form these airfoils is pre-
sented in table 1. The basic thickness distribution is gi~en
a designation simiIar to those of the fiaI ciunbered airfoils.
For example, the basic thickness distribution for the
hTACA 747A315 and 747A415 airfoils is gbren the designation
?NACA747A015 e~en though minimum pressure occurs at 0.4c
on both upper ancl lower surfaces at zero lift. Combination
of this thiclin- distribution with the mean lines. Iisted in
table I for the A’ACA i4iA315 airfoil changes the pressure
distribution to the dess~d type as shown in figure 2.

Thickness distributions.-llata for a~ailable N.-CA 7-
series thickness distributions are presented in the supple-
mentary figures. These thickness distributions are indi-
vidually derived End do not form thickness families. The
thickness ratio may, however, be changed a moderate
amount-say 1 or 2 percent—by multiplying the tabulated
ordinates by a suitabIe factor without seriously altering their
characteristic features. Values of (~/l~and of o/~”for thinner
or thicker thickness distributions may be appro.xirnated by
the method of equation (5). If the change in thickness ratio _
is small, tabulated wikwa of ~~=f1“ may be applied directly
with reasonable accuracy.

()+

9 ./ .2 .3 .4 .5 .6 .7 .8 .9 LO
Z.’c

Pre=me~~ f~ the NACA747A816~oU wetim at the desknUff-mefent and theNACAWAOIS

TABLE I.—ANALYSIS OF AIRFOIL- DERIVATION

.

bdc thIcknemdie.tmlutbn.

+ ““0Fl+”zkE ::I==--’::-747A315------- i47AO15... . . . . . . -.–--–--–- ----—----- ---------- -------------
747A415... . . . . . 747A016.-------- -------------------------- ---—--—----------------

ITbsnumbersIn thevarfooseolmrmsheaded“Me8n-lfmecombfnatfon”fndkatethemagnitudeC4thedcsii Ilftmetlidentnwd.
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THEORETICAL CONSIDERATIONS

PRESSUEEDISTRIBUTIONS

A knowledge of the pressure distribution over an airfoiI is
desirable for structural design and for estimation of the
critical Mach number and moment coefficient if tests are not
available, The pressure distribution also exerts a strong
or predominant influence on the boundary-layer flow and,
hence, on the airfoil characteristics. It is therefore usually
advismble to relate the a.tifoiI characteristics to the pressure
distribution rather than directly to the airfoil geomehy.

Methods of derivation of thickness distributions,-As
mentioned in the section “Historical Development,” the
basic symmetrical. thickness distributions of the NACA 6-
and 7-series airfoils, together with their corresponding pres-
sure distributions, are derived by means of conformal trans-
formations. The transfomuations used to relate the known
flow about a circle to that about an airfoil section were
developed by Theodoraen in reference 9. Figure 3 shows
schematically the significance of the various phases of the
process.

The circle about which the flow is originality calculated has
its center at the origin and a radius of aeti. The equa Lion of

Z-plone

,?.W

{. 2’+$

f-plum

$.r+iy

FIGUIfE&-TransforrtuItionsawl to deriveafrfollsnndcalmrktepressuredistributions.

this circIe in complex coordinates is

z=a.@O+@

where

(7)

z coinplcx variable in circle plane

@ angular coordinate of z

a basic length usually considered unity

#0 constant determining radius of circlo

This true circle is transformed into nn arbitrary, nhnos~
circular curve by the relation

Zf_= ~(&#o)+f(s-#)
z (q

the equation of the almost circulm- curve is

#=~e++~ (9)
where.

.sl complex variable in neai=circlc plane

ae# radi~ Coordillato of ~!

e angular coordinate of z’

In order for the t ransfonnat ion (8) to be confornnd, it is
necissary that the quantity (0—$) (given the symbol —c)
be the ccmjugat.a function of (#–#0); that is, if ~is rcpreacntwl
by a Fourier series of tho form

e=% An sin n~—~ B= cos m$
1 1

then (~—~o) is given by the rulntion

This relationship indicatm thut, if the function c(d) is given,

(#–#0) Cm be ealc-ulated as ~ functi~n of O. JINUIS of
performing this calculation arc prcscnkx.1 in rcfmmcc 13.
The transformation relating the nlmost circwhw curve to
the airfoil shape is

(lo)

where ~ is the compIcx variable in the airfoil pltinc, ‘Nw
coordinates of the airfoil x rmd y arc t.hc rml tm.i imuginnry
parts off, respectively. These coordinates me given 1)6Ythe
relations

x=2a cosh # cos 6 (11)

y=2a sinh * sin 6 (12)

The velocity distribution in hums of t.hc airfoil pnramctcrs
# and c is given cz~actly for perfect fluid flow by the cxpr~saion
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trhere

P local velocity o~er surfnce of airfoil

1’ free-stream veIocity

* section angle of attack

er~ mdue of e at trailing edge

The basic symmetrical shapes were derived by assure.@
suitabIe values of dc/G?@as n function of ~. These vaIues were
chosen on the basis of previous e.sperience mnclare subject to
the conditions that

sr de
o

@=o

and dcfddat 4 is equaI to dc/d~ at —$. These conditions
are necessary for obtaining closed symmetrical shapes.

Values of ●(d) were obtained simply by integrating $ d~.

Vahws of #($) were found by obtaining the conjugate of tle
curve of •(~) and adding a value #0 sticient to make the
value of $ equaI to zero at # =T. This condition assures a
shurp traiIing-edge shape.

Inasmuch as small changesin the velocity distribution at any

point of the surface are approximately proportional to I +%

(see reference 14), the initiaIIy assumed values of dc/d# were
tdterecl by a proc- of successive approximations until the
desired type of v-elocity distribution was obtained. After the
finaI vaIues of # and ewere obtained, the ordinat es of the basic
thickness. distribution were computed by equations (11)
and (12).

Vilen these computations w-eremade, it appeared that there
was an optimum due of the leading-edge radius dependent
upon the airfoiI thickness and the position of minimum
pressure. If the Ieadiug-edge radius was too small, a pre-
mature peak in the pressure distribution occurred in the
immediate ricinity of the Ieading edge as the angIe of attack
was increasecl. If the Ieading-edge radius was too Iarge, a
premature peak occurred a few percent of the chord behind the
leading edge. With the correct Ieacling-edge radius, the
pressure clistribut ion became nearly flat over the forward
port ion of the airfoil before the normal leading-edge peak
formed at the higher lift coefficients. Curves of the param.
eters ~, e, dti/d@, de/dd pIot ted against @ for the A’ACA
64A18 airfoil section are gi~en in fi=-e 4.

E.sperience has shown that, when the thickness ratio of an
orikginaUy derived btisic form was increased merel~ by multi-

plying aII the ordinates by a eonstunt factor, an ~mnecessaril~

large decrease in the critical speed of the resulting section
occurred. Reducing the thickness ratio in a simiIar manner

. caused an unnecessa.riIy large decrease in the lo-w-drag range.

For this reason, each of the earIier NACA 6-series sections was
individually deri~ed. It was Iater found that it wns possible

Cf#
@

o I 2 3X 5 6 9X
~, rodi~

FIGCEXL—\”wistlonofdrfdlpmumtmt, ,, dti&@ ~ with@fortheN.lCAtl-ia-msnfrfofl
sectkmbdc thic- form.

to derive basic airfoil paramete~ # and c that couId be
multiplied by a constant factor to obtain airfoils of various
thickuees ratios, vrithout hav@ the aforementioned lirnit.a-
tions in the resulting sections. Each of the more recent
famdies of NACA 6-series airfoiIs, in which numerical sub-
scripts are used in the designation, having minimum pressure
at a given chordwise position was obtained by scaIing up and
down the basic values of the airfoiI parameters # and ●.

( ())

3
Theoretical pressure distributions indicated by ~.

for a family of hTACA 65-series airfoils cowsring a range of
thiclmess ratios are given in &ure 5 (a]. This 6gure shows
the typical increasein themagnitude of the favorab~e pressure
gradient, increasein maximum ~elocity over tie surface, and
increase in the relative pressure recovery oT-er the rear portion
of the airfoiI tith increase in thicknes ratio. Figure 5 (b)
shows the pressure distribution for a serk of basic thickness
forms having a thickness ratio of O.I5 and having minimum
pressure at -ra$ous chordwise positions. The value of the
minimum pressure coefficient X seen to decrease and the
maggtude of the p~ure recovery over the rear portion of
the airfoil to increase with the remwwd movement of the
point of minimum pressure.
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FrGVRE6.–TheoretM prwum distribrrtions for some lm=icSmmctrid ~ACA tis ~~~ at ~ 1~

The pressure distribution for one of the basic symmetrical
thickness distributions at various lift coefficients is shown in
figure 6. At zero lift the pressure distributions over the
upper and lower surfaces are the same. ‘As the lift coefficient
is increased, the slope of the pressure distribution over the
forward portion of the upper surface decrgasm until it becomgs
flat at a lift coefficient of 0.22 (the end oflthe lowdrag range).
As the lift coefficient is increased beyond this value, the usual
peak in the pressure distribution forms at the leading edge.

I?apid estimation of pressure diatributions.-In the dis-
cussion that follows, the term ‘fpressure distribution” is used
to signify the distribution of the static pressures on the upp&

FIQUEZ6.-ThwXke.f pressured!stributicafor tho NACA &-016drfoifat severalM
msmckvm.

and Iower surfaces of the airfoil nlong tho chord. Tho term
‘1oM1 distribution” is used to signify the distribution along
the chord of the normal force resulting from the diflcrencc in
pressure on the upper and lower surfaces.

The pressure distribution nbout any airfoil in potential
flow may be calculated accurately by rI gencmdimtion of the
methods of the previous section.. Although this method is
not- unduly Iaborious, the computations required firo too
long to permit quick and easy calculations for Inrgo numbwa
of airfoils. The need for a simple method of quickly obtainiug
pressure distributions with engineering nccumy has led LO
the development of a method (reference 15) combining
features of thin- and tlick-nirfoil theory. This sinqdc
method makes use of previously calculn ted chnrnctcristies
of a limited number of meim lines and thickncas distributions
that may be combined to form large numbw of airfoils.

Thin-airfoil theory (references 10 to 1S) shows thut the
load distribution of a thin tiirfoil mqv be considmcd to consist.
of: (1) a basic distribution at the idetd angIe of attack nnd
(2) an additional distribution proportional to the rmglc of
attach ~~measured from the ideal angle of nttack.

The first load distribution is a function only of the shtipo of
the thin airfoil, or (if the thin uirfoil is considered to l.M a
mean line) of the mean-line geometry. integration of this
Ioad distribution along the chord results in n nornud-forco
coticienk which, at snmll wgles of nt tack, is substnnt.inlly
equal to a lift coefficient cft, which is desigmtcd the ideal
or design lift coatlicient. If, moreover, the camber of the

mean line is changed by multiplying the rnerm-lino ord inn tcs
by a constant factor, the resulting load distribution, the
ideal or design angle of ~t~ek at and tile d~ign lift coc~lcicn~
c ~im~y be obttiined simply by mult iplying the origimd values
by the same f~ctor. The characteristics of ~ lingo number of -
mean lines are presented in both grnphical and tabuIar form
in the supplementary figures. The hid-distribution data
are presented both in the form of the resuItnnt preasum
coticient PE rtnd in the form of the corresponding vclocity-
increment ratios Av/15”. For positive design lift coef%cicnts,

these velocity-ticrement” ratios are positive on the upper
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surface and negative on the Iower surface; the opposite is
true for negative &sign lift coefficients.

The seconcl load distribution, -ivhich resuIts from changing
the angle of attack, is designated herein the” additional load
distribution” and the corresponding lift coefficient is desig-
nated the” additiomd lift coefEcient .” This additional load
distribution contributes no moment about the quarter-chord
point and, according to thin-airfoil theory, is .jndependent of
the airfoiI geometry except for angle of attack. The addi-
tional Ioad distribution obtained from thin-airfoil theory is
of Iimited practical application, however, because this simple
theory leads to iniinite values of the veIocity at the leading
edge. This difflcuhy is obvifited by the exact thicli-airfoiI
theory (reference 9) -which also shovis that the additional load
distribution is neither conlpIetely independent of the airfoil
shape nor exactly a linear function of the lift coefEcient.
For thii reason, the additiomd load distribution has been
calculated by the methods of reference 9 for each of the thick-
ness distributions presented in the supplementary figures.
These data are presented in the form of -rebcity-increment
rat ios AiI=/~’corresponding to an additional lift coefficient of
approsimate]y unity. For positi~e additional lift coeffi-
cients, these -w40city-increment ratios me positive on the
upper surfaces and negative on the lower surfaces; the
opposite is true for negative additional lift coefficients.

In addition to the pressure distributions associated with
these two Ioad distributions, another pressure distribution
e..ists which is associated with the basic symmetrical thick-
ness form or thickness distribution of the airfoil. This pr=
sure distribution has been calculated by the methods
described in the previous section for the condition of zero

()

.:
lift and is presented in the supplementary figures as .-~ ~

which is equivalent at lovi liach numbers to the pressure
coefficient S, and as the Iocal velocity ratio DIV. This
Iocal -wJocity ratio is ahvays positive and is the same for
corresponding points on the upper and lower surfaces of the
thickness form.

The docity distribution about the airfoil is thus considered
to be composed of three separate and independent com-
ponents as folIows:

(1) The distribution corresponding to the veIocit.y dis-
tribution over the basic thickness form at zero angle of
attack

(2) The distribution corresponding to the design load
distribution of the mean Iine

(3) The distribution corresponding to the additional load
distribution associated with m@e of attack

The Aocity-increment ratios A@~7and hd V correspond-
ing to components (2) and (3) are added to the velocity
ratio corresponding to component (1) to obtain the tot a~
velocity at one point, from which the pressure coefficient S’
is obtained; thus,

(14)

When this formula is used, values of the ratios corresponding
to one value of z are added together and the nmdting due
of the pressure coefficient S is assigd to the airfoil surfaco
at tho same value of $.

The vaIues of u/V and of Au/~’ in equation (14) shoukl,
of course, correspond to the airfoil geometry. Methods
of obtaining the proper values of these ratios from the vrdues
tabuIated in the supplementmy figures are presented in the
pretioua section KDescription of Ah-foils.”

When the ratio A’JV hns the vaIue of zero, the resulting
distribution of the pr~e coefhcient S wiII correspond
approsima teIy to the presssre distribution of the airfoil
section at the design lift coefficient Cli of the rnenn Iine, and
the lift coefficient may be assigned this value as a first ap-
proximation. If the pressure-distribution diagram is inte-
grated, howev~, the due of c1 will be found to be greater
than Cli by an amount d~pendent on the thickness ratio of
the basic thickness form.

The pressure distribution will usuaily be desired at some
specified lift coefficient not corresponding to C[f. Forthi””
purpose the ratio Ao& must be assigaed some vaIue ob-
tained by multiplying the tabulated value of this rntio by a
factor ~(a). I?or a fit approximation this factor may be
assigned the wdue

f(a) =CJ–CZ, (15)

where c1is the lift coeilicient for which the pressure distribu-
tion is desired. If greater accuracy is desired, the value of

j(a) may be adjusted by triaI and error to produce the
actual desired lift coticient as determined by integration
of the pressuredistribution diagram.

Although this method of superposition of velocities has
imidequate theoretical justification, experience has shown
that the results obtained are adequate for engineering use.
In fact., the results of e-ren the first approximations agree
well -ivith experimental data and are adequate for at Ieast
prelimimwy consideration and se.Iection of airfoik. A com-
parison of a that-approximation theoretical pressure distri-
bution with an e.xperimentd distribution is shovin in figure 7.

NACA 66(215j-2/~ a -06

20

/@e!! SJ-fdq
L6

12

(a’
)

.8

.4 0 .Gqz%?riliwf

o 2 .4 .6 .8 /.0

FIGru 7.–CompariwaoftheoretkdandcsperLmentnlWWSUMdfslribulionskmM N.4C4
60(215)-2164e -0.6 alrrom c1- O=.
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Some discrcprmcy naturmlly occurs between tLe rwndb of
espmiment and of any theoretical method based on potential
flow because of the presence of the boundary layer. These
eflects are smaIl, however, owr the range of lift coefficients
for which the boundary Iayer is thin and the drag coefficient
is hmv.

I?umerical examples, —The following numerical examples
are included to illustrate the method of obtaining the first.-
approstimation pressure clistribut ions:

Example 1: Find the pressure coefficient. iS at the s~ation
t=O.50 on the upper and lower surfaces of the hTACA
652-418 airfoil at a lift coefficient. of 0.2

From the description of the h’ACA 6-smies airfoils, it is
determined that this airfoil is obtained by combining the
NACA 65s–018 basic thickness form with the a.= 1.0 type
mean line cambered to a design Iift. coefficient of 0.4. The
foIIowing data are obtained from the supplementary figures
for this thickness form and mean line at .r=o.50:

+=1”235

$$=0.157

~=0.250

The desired vaIue of Ava/17is computed as follows by use of
equation (15):

$$=(0.157) (0.2–0.4) .

=–0,031

The desired value of Av/V is obtained by multiplying the
tabuIated value by the design lift coefficient as stated in the
description of the NACA 6-series airfoiis. Thus,

+= (0.250) (0.4)

=0.100

Substituting these values in equation (14) gives the foIIowing

valuea of S.
For the upper surface

fl=(l.235+0.100 -0.031)2

=1.700

For the lower surface

~=(1.235–0.100+ 0.031)9

=1.360

Example 2: Find the pressure coefficient S at the station
x=0.25 on the upper and lower surfaces of the A’ACA
65w)-214, a=O.5 airfoil at a h.ft coefficient of 0.6.

The airfoil designation shows thut this airfoil was obtained
by combining a thickness form obtained by multiplying the
ordinates of the NACA 652-015 form by the factor 14/15
with the u=O.5 type mean line cambered to a design lift
co&cient of 0.2.

The supplementary figures give a value of 1.1s2, for o/1”
at x= 0.25 for the NACA 652-015 basic thicknms form. TIw
desired value of o/~’ is obttiincil by applying formula (5]
8s follows:

;=(1,182–1) $+1

=1.170

From the supplementary figures the following vnhws of
A~J’T7are obtainecl at. r= 0.25 for thv following basic thickness
forms:

—-.
I ,%-. “-

Th[cknc.%Korm ~ yl-atfia

INACA0.h-015. . . . . . . . . . . . . . . . . . . . 0.290
NAcAeh412. .. . . . . . . . . . . . . . . . . . . . . .2s2

1

By intel’polation the value of Avd \“’ of 0.287 mq’ lJc

assigned to the 1~-percent-thick form. The dcsirctl valuc of
A.ra/~7 is then computed as follows by usc of equation (15):

$%0.287) (OJ3–O.2)

=0.115

Data prekmtcd in the supplemcnhwy @rcs for the a= 0.5
type mean lines give the vahle of 0.333 for AU/lr al 2=0.25.
& stated in the description o! tho NACA G-series airfoils,
the desired value of Av/~” is obttiincd by multiplying the
tabulated value by the design lift coefficient. Thus,

$=(0.333) (0.2)

=0.067

Substituting the foregoing values in equation (14j gives the
values of S as follows:

For the upper surface

s=(l.170+o.oo74-o.l f5}’

=1.828

For the lower surface

S=(l.170–0.067–00115)’

=0.976

Example 3: Find the pressure cocffieicnt S nt lbc statiou
z= 0.30 Ori the upper and lower surfams of the ATACA %t12
airfoil at a lift coefficient of 0.5.

The description of airfoils of the iSACA four-digit scrim
shows that the necessary data may be found from thr XACA
0012 thickness form and 64 mean line in the supp]cwwnlmy
figures. F~om these figures the following data are obtained:

At x=O.30

;?1.102

At x=o.30

~=0.239
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For the ISACA 64 mean lime at z=O.30

For the NACA 64 mean Iine

cli=0.76

The~vaIues ~of ~@~” and c,, corresponding to the airfoiI
geometry are obt ainecl~by rmdt ipIying the foregoing dues
by the factor 2/6 as~explained in the description of these
airfoils ; thus,

=0.0s7

=0.253

The desired -ralue of Au=/1”is obtained from equat ion (15)
as follows:

‘~=(0.239)(0.5–O.253)

=0.059

Substituting the proper values in equation (14) gives the
-rahe~of S as folIows:

For the upper surface

S=(l.162+0.0S7+ 0.059)’

=1.712

For the Iowermsurface

S=(l.162–-O-087 -O.O59P

= 1.032

Effect of camber on pressnre distribution,-.At zero lift the
pressure distributions over the upper and lower surfaces of
a basic~s~etrical thickness distribution are, of course,
identical. The effect of camber on the pressure distribution

at the design lift coefficient- is to separate the pressures on
the upper and Iower surfaces by an amount- corresponding
appro.simately to the design load distribution of the mean
Line. When the local m-due of the design load distribution is
positive, the pressure coefficient S on the upper surface is
increased (decreasd absolute pressure) whereas that on the
lower surface is decreased. This effect is shown in figure 8 (a)
for various amounts of camber.

The ma.simum -due of the pressure coefficient on the upper
surface at the design lift ,coefEcient increases with the design
lift coefficient and for a given design lift coefficient increases
with decreasing values of a. The resulb is to cause the crit ical
Mach number at the design lift coefficient to decrease vrith
increasing camber or with the use of types of mean line con-
centrating the load near the leading edge. F&me S (b)
shows that the location of minimum pressure on both surfaces
is not affected if a type of mean line is used having a value of
a at least. as large as the value of x/c qt. the position of
minimum pressure on the basic thickness &stributicm. If a

mean line with a smaller -due of a is used, the possible extent
of Iaminar flow along the upper surface will be reduced.

CBITICALKim XU31BBB

The critical speed is cIehd as the free~tream speed at
which the velocity at any point aIong the surface of the air-
foiI reaches the local velocity of sound. If the maximum value
of the low+peed pressure coefficient S is known either experi-
mentally or from theoretical methods, the critical Mach
number may be pre&cted approximately by the Yon K6rm&n
method (reference 19). A curve relating the critical 31ach
number and the low-speed pressure coefficient S has been
calculated from the equationa of reference 19 and incIuded in
the supplementary figures. These predicted critical lIach
numbers are useful for preliminary considerations h the
absence of test data and appear to correspond fairly well to
the Mach numbers at which the local velocity of sound is
reached in the high-critical-speed range of Lift coefficient.
This criterion does not, however, appear to predict accurately

28 ,?8 I I I I t I
‘= YuYwEr%c%
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24 ~ 24
NACA 65.-OI5 ,.~
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the NIat.h numbers at which large changes in airfoil char-
acteristics occuq especially when sharp pressure peahw etit
at the leading edge. A disc.usaion of the cha~acternstics of
airfoil sections at supercritical Mach numbers is beyond the
scope of this report.

For convenience, curves of predicted critical Nfach num-
ber plotted ngainst tho low-speed section.lif t &efficient have
been inchlcled in tlic supplementary figures for a number of
airfoils. I%gh-speed lift coefficients may be obtained by
multiplying the low-speed lift coefficient by the factor

1
~lz@ The critical Mach numbers have been predicted

from theoretimd pressure distributions. For airfoils of the
hTACA four- and five-digit series and for the NACA 7-seri&
airfoils, the theoretical pressure distributions were obtained
by Theodoraen’s method. For the other airfoils the theo-
retical pressure distributions were obtained by the approxim-
ate method described in the preceding section.

The clata in the supplementary figures show th~t, for any
one type of airfoil, the mt-mimum critical Mach number
decreases rapidIy as the thickness is increased. The effect
of camber is to lower the maximum critical hfach number
and to shift the range of high critical Mach numbers in the
same manner as for the low drag range. For commo~~ ~pes
of camber the minimum reduction in. critical speed for a
given design lift coe.t%cient is obtuincd with a uniform load
type of mean line, A comparison of the data presented in
the supplementary figures shows that ~ACA .6-aeriee sec-
tions have considerably higher maximum criticaI Mach
numbers than NACA 24-, 44-, and 230-series airfoils of
corresponding thickness ratios.

MOMENTCOZFFICIZNTS

Methods of calculation,-Theoretical moment coefficients
may be approximated directly from the values presented in
the supplementwy figures for the various mean Iincs. Thcao
valurs were obtained from thin-airfoil theory and may bo
scaled up or down linearly with the design lift coefficient or
with the mean-line ordinates. These theoretical values are
sticiently accurate for preliminary considerations, but ex-
perimental values should be used for stability and control
calcu Iations.

Numerical examples,—The following numerical examples
illustrate the methods of calculating the .nloment coefficients:

Example 1: Find the theoretical moment coefficient about
the quarter-chord point for the NACA 652–215, a=O.5
airfoil.

The designation of the airfoil shows that the design lift
coefficient of this airfoil is 0.2. From the data on the
NACA a=O.5 type. mean line included in the supplementary
figures, the due of Cm,;l is—O. 139 for a design lift coefficient
of 1.0. The desired value of the nloment coef6cient is
accordingly

CmC,,= (–0.1 39) (0.2)

=–0.028

Example 2: Find the theoretical moment coefficient about
the quarter-chord point for tho NACA 4416 airfoil.

From the description of the NACA fourdigit series
airfoiIs, the required data is found ta be presented for the

N-ACA 64 mean line in t.hc supplementary figures. The-
mom’ent coefficient for this mcnn line is —0,157, The
required value is then

cm,,4=(–o.157) ;

=–0.105

ANGLE OF ZEROLIFT

Methods of calculation.-}ralues of the idwd or design ‘
angle of attack at correspoml ing to tho design lift. cocfhicnl
Cli are incll]ded among the data for tllc various mean ]ilws
presented in the supplementary figures. The opproximatc
values of the angle of zero lift mtiy t.w obtuincd from the
data by using the theoretical valuo of the lif[-c~lrvt~ SIOpC

for thin airfoils, 2T per radian. The vnlue of a10 in clegrccs
is then

57.3
Ct*=tY{ z= Cl*—— (16)

The tabulakd values or af may IN scaled linrmIy with
the design lift coefficicqt or with the mwm-line ordinn (IX.

Although these tlworciiwd angles of zmo lift may lx uscfu]

~ pre~inav desi~j they ShOUM nOL bc used withoul-
experimental verification for such pl wposcs as cs( tiblishing
the washout of a wing.

Numerical examples, —The method of computing a10 is
illustrated in the following examples:

Example 1: Find the theoretical angle of zero lift of the
NACA 65r515, a=O.5 airfoil.

This airfoil number indicates a design lifL cocilh’iwL Of
0.5. Data. for the NAC!A a=O.5 nwan linr indicate that
at=3.040- when clj=l.o. The cksircd vaIue of at is tiwn

at=(3.04) (0.5)

=1.52°

Substituting iu equation (16) gives

(57.3) (0.5)
ab=l.52 —.. -.. ..— _

2r

=—3.0°

E~ample 2: Find thu theorct.ictil angle of zero lift for the
NTACA 2415 airfoil.

The description of the ISACA four-(] igit-series airfoils
shows that the required values of at and Cll mny be ob[ninml

by multiplying the corresponding values for the NACA GI
mean line (see supplementary figurw) by a factor 2/6; then

()
cYf=(o.74) :

=0.25°

()
CIi=(0.76) :

=0.253

md from equation (16)

(57.3) (0.253)
CY.0=0.26– ~=

= —2.0°
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DESCRIPTIONOF FLOWABOUNDMRFOIL9

Perfect-fluid theory postulates that the flow follow the
tiirfoiI contour smootldy at aII angks of attack with no 10ss
of energy. Consequently, perfect-fluid theory itself gives
no information concerning the profiIe drag or the ma.xirnum
[ift of airfoil sections. The explanation of these phenomena
is found from a considerate ion of the effects of viscosity,
which are of primary importance in a thin region near the
surface of the airfoil caIIed the boundary layer.

Boundary Iayers in general are of two types, namdy,
Iaminm and turbulent. The flow in the kuninar Iayer is
smooth and free from any eddying motion. The flow in the
turbulent layer is characterized by the presence of a Iarge
number of relatively smalI eddies. Becrmse the eddies in the
turbulent layer produce a transfer of momentum from the
relatively fast-moving outer parts of the boundary Iayer to
the portions closer to the surface, the distribution of average
velocity is characterized by relatively higher velocities near
the surface ancl a greater total boundary-Iayer thickness in
a turbulent- boundary layer than in a laminar bounda~ Iayer
developed under othmvise identical conditions. Skin fric-
tion is therefore higher for turbulent bouncIary-Iayer flow
than for Iaminar flow.

When the pressures along the airfoil surface are increasing
in the direction of flow! a generaI deceleration takes pIace. At
the outer knits of the bounclmy layer this deceleration takes
pIace in accordance with Bernoulli’s law. Closer to the sur-
face, no such simpIe law can be given because of the action
of the viscous forces within the boundary layer. In general,
however, the relative loss of speed is somewhat greater for
particles of fluid within the boundary layer than for those at
the outer Iimits of the h-tyer because the reduced L--etic
energy of the boundary-layer air limits its abiIity to flow
against the adverse pressure gradient. If the rise in pressure
is sufficiently great, portions of the fluid within the boundary
layer may actually have their direction of motion reversed
and may start moving upstream. When this reverse occurs,
the flow- in the boundary Iayer is said to be “separated.”
Because of the increased interchange of momentum from
different. parts of the Iayer, tnrbuIent boundary layers are
much more resistant to separation than are Iaminar layers.
Laminar boundary Iayers can onIy exist for a relatively short
distance in a region in which the pressure increases in the
direction of flow. Formulas for calculating many of the
bouuciary-Iayer characteristics are given in references 20 to22.

After Iaminar sepamtion occurs, the flow may either
leave the surface permanently or reattach itself in the form
of a turbuIent bounclary layer. A’ot much is known concern-
ing the fact ors controbg this phenomenon. Laminar sep-
aration on viings is usuaIIy not permanent at. flight vaIues of
the Reynolds number except when it occurs near the Ieading
edge u~der conditions corresponding to maximum Ii-ft. The
size of the localIy separated region that is formed when the
laminar boundary layer separates and the flow returns to the
surface decreases with increasing Reynokls number at a
given angle of attack.

The flow over aerodynamically smooth airfoils at IOIVand
moderate Iift coefficients is characterized by Iaminar boundary
layers from the leading edge back to approximately the loca-
tion of the first minimum-pressure point on both upper and

lower surfaces. If the region of Iaminar flow is extensive,
separation occurs immediately domstrcmn from the Iocat ion
of minimum presssure (reference 20) and the flow returns to
the surface almost immediately at flight Reynolds numbers
= a turbulent boundmy Iayer. This turbulent boundary
layer deuds to the trailing edge. If the surfaces ar~not
sufllcientiy smooth and fair, if the air stream is turbulent,
or perhaps if the Reynolds number is sufficiently large, tran-
sition from laminm to turbulent flow may occur anywhere
upstream of the calculated Iunirmr separation point.

For Iow and moderate Lift coefficients vrhere inappreciable
separation occurs, the airfoil protie drag is largely caused by
skin friction and the -ralue of the drag coeftlcient depends
mainIy on the relative amounts of lamina.r and turbulent-””””
flow. If the location of tmmsition is known or aasumed, the
drag coefEcient may be calculated with reasonable accuracy
from boundary-Iayer themy by use of the methods of
references 23 and 24.

As the lift coefficient of the airfofl is increased by changing
the angle of attack, the resulting application of the additional
type of lift distribution moves the minimum-pressure point
upstream on the upper surface, and the possible extent of
lm”nar flow is thus reduced. The remdting grefiter propor--
tion of turbulent flow, together with the larger averaam -reIoc-
ity of flow over the surfaces, causes the drag to increase with
lift coefficient. -

In the case of many of the older types of airfoils, this
forward movement of transition is gradual and the resulting
variation of drag tith lift. coefficient occurs smoothly. The
pressme distributions for NACA 6aries airfoik me such as
to cause transition to move forward sudcIenIy at the end of
the lo-drag range of lift coefficients. A sharp increase in
drag coefficient to the -raIue corresponding to a forward loca-
tion of transition on the upper surface results. Such sudden
shifts in transition give the typical drag curve for these air-
foils with a “sag” or “bucket~’ in the low-drag range. The-
same characteristic is shovin to a smaLler degree by some of
the ea.d.ier airfoiIs such as the ATACA 23015 -when tested in
n Iovr-turbulence stream.

At high lift coeilicients, a Iarge part of the drag is contrl%-
uted by pressure or form drag resulting from separation of
the flow from the surface. The HOWover the upper surface is
characterized by a negative pressure peak near the Ieading
edge, which causes laminar separation. The onset of tur-
bulence causes the flow to return to the surface as a turbulent
boundary Iayer. High ReynoIds “numbers me favorable to
the development of turbulence and aid in this process. If
the lift coefficient is sticiently high or if the reestablish-

-merit of flow following Iaminar separation is unduly delayed
by lo-iv ReynoIds numbers, the turbuIent layer will separate
from the surface near the trailing edge and d cause large
drag increases. The e~entual loss in Iift with increasing
angle of attack may result either from relatively sudden
permanent separation of the laminar boundary layer ne&
the Ieading edge or from progressive forward movement of
turbulent separation. LTnder the latter condition, the flow
over a relatively large portion of the surface maybe separated
prior to maximum lift. A more estended discussion of the
flow conditions associated with maximum lift is given in
reference 5.

—
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EXPERIMENTAL CHARACTERISTICS

SOURCRSOF DATA

The primary source of the wind-tunnel data presented is
from tests in the Langley two-dimensional low-turbulence
pressure tunnel (TDT). The methods used to obtain and
correct the data are summarized in the appendix. Design
datti obtained from tests of 2-footdorcl models in this
tunnel are presented in the supplementary figures.

Some wind-tunnel data presented were obtained in other
NACA wind tunnels. In each case, the source of the data
is indicated and the testing techniques and corrections used
wera ccmventionaI unless otherwise indicated.

Most of the flight data conskt of drag measurements made
by the wake-survey method on either the airplane wing or a
“glove” fitted over the wing as the test specimen. Vl%en-
ever the measurements were obtained for a glove, this fact
is indicated in the presentation of the data. All data obtained
at high speeds have been reduced to. coef%cient form by
compressib~e-flow methods. In the case o f all s u c h
NACA flight data, precautions have been taken to ensure
that the results presented are not invalidrded by cross
flows of low-energy air into or out of the survey plane.

DRAGCHARACTERISTIC%Of?“+JMOO-THAIRFOILS

Drag characteristics in low-drag range,-The value of the
drag coefficient in the Iowdrag range for smooth airfoils is
mainly a function of the Reynolds number and the relative
extent of the laminar layer and is moderately aflected by the
airfoil thicknws ratio and camber. The effect on minimum
drag of the position of minimum pressure which determines
the possibIe extent of Iaminar flow is shown in figure 9 for
some NACA 6-series airfoils. The data show a regular
decrease in drag coefficient with rearward movement of
minimum pressure.
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‘he variation of minimum drag coefficient with Reynolds
number for several airfoils is shown in figure 10. The drag
coefficient goneralIy decreases with increasing Reynolds num-
be~ up to Reynolds numbers of the order of 20x 10E. Above
this Reynolds number the drag coefficient of the NACA
65(41)-420 airfoil remained substantially constant up to a
Reynolds number of nearly 40x 10S. The earlier increase in
drag coefficient shown by the h~ACA 66(2x15)-116 airfofl
may be caused by surface irregularities because the specimen

I?IGURE10.—VsriationofminhnnmsedlondmgmxlkicntwithRcynohisnumburfurs.cvcm]
airfoiktogttherwhblaminarand tnrbulentskin-frIetionaIctildmrLsfors ht plntt,

tested was a prmtical-construction model. It may be noted
that the drag coefficient for the hTACA ti51-t M airfoil al. low
Reynolds numbers is substantially higher than tha~ of the
NACA 0Q12, whereas at high Reynolds numbers the cs~]posi[c
k. the case. The higher cling of the NA.CA 135z-418 ~irfoil
section at low Reyuolds numbers is caused by a rdat iwdy
&Ytensive region of laminar scptuwt.ion downshwant of tho
point of minimum pressure. This rcgkm dccrmscs ill size
with increasing Reynolds numlm. These dn[tt illustrrttc [lLu
inadequacy of low Reyliolds number tes~ duta either to csii-
mate the full-scrtle cha.racterist ics or to dctermino tlw relative
merits of airfoil sections at flight Reynolds numbrrs (refer-
ences 25 and 20).

The variation of minimum clrag cocffkirnt with candm is
shown in figure 11 for a number of smooth 1&pwcenl-t hick
XACA 6-eeries airfoils. These datn show very little clmngc
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in minimum drag coefficient with increase in camber. A
hwge amount of systematic data is included in figure 12 fo
show the variation of minim Um drag coticient tith thick-
ness ratio for a number of A’ACA airfoil sections ranging in
thirkness from 6 percent to 24 percent of the chord. The
minimum drag coefficient is seen to increase with increase in
thickness ratio for each airfoil series. This increase, how-
ever, is greater for the hTACA four- and Eve-cligit+eries air-
foils (fig. 12 (a)) than for the NACA 6+eries airfoils (figs.
12 (b) to 12 (e)].
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FIGCRE12.-Vorfatbnofniuhnnm -ion draEIZI@3cfen!tith ahfrdlthIchmessratiofor
sixral NACAIJIWIsectionsofW!ereutcamkcrsh bothsmoothandroughmnditfons.
R=6xllX t

The data presented in the supplementary figures for the
XAC’A 6-series thickness forma show that the range of lift
coefficients for 10-w~~ varies markedIy with airfoil thick-
ness. R has been possibIe to design airfoik of 12-percegL__
thickness with a total theoretical Iowdrag range of lift coeffi-
cients of 0.2. This theoretical range increases by approx-
imateely 0.2 for each 3-percent increase of airfoil thickness.
Figure 13 shows that. the theoretical extent of the low-drag
range is appro.simat ely rerdized at a Reynolds number of
9X 10°. Figure 13 also shows a characteristic tendency for
the drag to increase to some extent to-mud the upper end of
the Iow-drag range for moderately cambered airfoils} par-
ticularly for the thicker airfoils. All data for the NACA
6-series airfoils show a decrease in the extent of the low-drag
range with increasing ReynoIds number. Extrapcdation of
the rate of decrease observed at Reynolds numbers below
9X 10Uwould indicate a mnkljngly smaII low-drag range at
flight values of the Reynolds number. Tests of a carefully
construct ed modeI of the NACA 65 ~m)-420 airfoil showed,
however, that the rat e of reduction of the Iow-drag range
with increasing Re.ynoIds number decreased markedly at
Reynolds numbers above 9X106 (fig. 14). These data indi-
cate that the extent of the Iowdrag range of this airfoil is
reduced to about onehalf the theoretical vaIue at a Reynolds
number of 35X106.
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The values of the lift coefficient for which low drag is
obtained are determined IargeIy by the amount of camber.
The Iift coefficient at the center of the low-drag range corre-
sponds approximately to the design lift coeficient- of the
mean line. The effect on the drag characteristics of various
amounts of camber is shown in figure 15. Section data indi-
cate that the location of the low-drag range may be shifted
by even such crude camber changes as those caused by small
deflections of a plain flap. (See supplementary fig.)
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The location of the low-drag range shows some variation
from that predicted by simpIe thin-airfoil theory. This de-
parture appears to be a function of the type of mean line
used (reference 27) and the airfoil thickness. The effect of
airfoil thickness is shown in figure 13, from which the cent w
of the low-drag range is seen to shift to higher tift coefficients
with increasing airfoil thickness. This shift is partly ex-
plained by the increase in lift coefficient above the design
lift coefficient for the mean line obtainecl when the velocity
increments caused by the. mean line are combined with the
velocity distribution for the basic thickness form according
to the approximate methods previously described.
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Drag characteristics outside low-drag range.—A L t.llc cnd
of the Iow-drag range th~ drag incrmacs rapid[y with iwrcasc
in lift cmficient. J?or symmelricrd and lw-cmnlxwl Oir-

foils, for which the lift coefficient tit. tho uppw end of the
lowdrag range is moderate, this high rate of incrcnsc dots
not coutinue. (See fig. 15.) l?or highly cwmlwrcd sccticm,
for which th~ lift at the upprr ml of tho Iow-drag rnnfgcis

already high, the drag cocflicivnt shows a continued mpid
increase.

Comparison of data for airfoils rambcwl with n uniform-
load mean line with data for airfoils cambcrcd to cnrry the
load farther forward shows thut the uniform-Ioad mcnn line
is favorabIe for obtaining low drag codk!imts a[ high lift
coefficients (fig. 16 and reference 27).

Data for many of the uirfoils given in ihe supphmwnlury
figure9 show large reductions in drag with incrrnsing Rrynoh.is
number at high lift coeffkicnts. This scale cflrct is too Inrge
to be accounted for by the normnl variatiou in skill friction
am? appmrs to bc msociat ed with the rffret of Rcynohls
number on the onset of turbulent flow following lam inm
separation near the leading edge (refmencc 28).

Effects of type of section on drag characteristics. -ii coul-
pariwm of the clrag characteristics of thr hrACA 23012 and of
three NACA 6-series airfoils ia prmcntcd iu figurr 17. Thu
drag for the NACA G-series sections is subst t.mlially lower
than for the NACA 23012 section in the’ range of lift. codfl-
cients corresponding to high-spcvd flight, and this margin
may usually be maint.aincd through the range of Iifl cdl-
cients useful for cruising by suitable choice of cnmk.
The NACA 6-SCIMCSsections show the higlwr maximum vrducs
of the lift-drag ratio. At high vtiluc.s of the lift mfhcimt,
however, the, earlier NTAC?Ascctione lIUVCgenwally lwcr
drag co&icients than the NACA tl-series airfoils.
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Effective aspect ratio.-The combination of high drags at
high Iift coefficients, Iovr drags at moderate Lift coefficients,
and the nonregdar -mriation of drag with lift coefficient
shown by the hTACA 6-series airfoils may lead to para-
doxical results when the spandticiency concept (reference 29)
is used for the calculation of airplane performance. In the
mual application of this concept, the airplane drag charac-
teristics are approximated by a curve of the type

cD=c.L4+kc.’ (17)

This curve is usutdIy matched to the actual drag character-
istics at a rather low and at a moderately high value of the
Iift codicient (reference 30).

The application of this concept to two hypothetical air-
pIanes with NACA 230- and 65-series sections, respectively,
is illustrated in figure 18 (a). The vcing drags of the air-
pIanes have been calculated by adding the induced drags
corresponding to an aspect ratio of 10 vrith elliptical Ioading
to the profik-drag coefEcients of the NACA 23018 and
65s-418 airfoils. These sections are considered represent a-
tive of average * sections for a large airphbne of this
aspect ratio. Ordinate scales are given in f&me 18 (a) for

the wing drag and for the total airplane drag coefficients

obtained by adding a representative constant m.lue of

‘/I Airp/me I
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0.0150 to the vcing drag coefficients. The resuIting drag
coefficients have been approximated by two curves corre-
sponding to equation (17) and matched to the &U curves
at Iift coe.fflcients of 0.2 and 1.0. These two curves corre-
spond to effective aspect ratios of 9.29 for the airplane with
hTACA 23018 sections and of 8.30 for the airplane with
ATAC?A 65#18 sections and illustrate the typical Iarge
reduction in the effective aspect ratio obtained with such
Sections.

It should be noted, however, that ahhough equation (17)
provides a reasonab~y satisfactory approximation to the
&g of the airplane with hTACA 23018 sections, such is not

the case for the airplane with the ATACA 65a418 section.,
The most important reason for using high aspect ratios on
Iarge airpIanes is to reduce the drag at -U lift coefficients
and to obtain high maximum values of the lift-clr~u ratio.
For the two vrings considered, the maximum -due of this
ratio is appreciably higher for the airplane with XACA
65~418 sections (19.8 as compared with 18.5) despite the
fact that this airpIane shows the Iower effective aspect ratio.
Figure 18 (b) shows a sidar comparison with similar
resuka for two airpIanes of aspect ratio 8 and NTACA 2415
and 652-415 airfoik. It is accordingly concluded that the
effective aspect ratio is not a satisfactory criterion for use in
airfoil&lection.

FIGURE18.-CompmfscmMflrdtempeet-!lo dmg clmmcteristi=fortwo CFRMof alrfoflsobtahcd bs
rothesectiondragcoefficlent9.

Lit-t-fth”mt, CL

(b)NACA 65+16and2!15 WimZSd- mtfo K

tiding the hdueed drag wrrespondhg to an dfPtkYd sPOII IOIMUW

—
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EFFECTOF SURFACEIRREGULARITIESON DRAG

Permissible roughness.—Previous worli has shown large

drag incremenk re9ulting from surface roug~ness (reference
31). Although a Iarge part of these drag increments was
shown to result from forward movement of transition, sub-
stantial drag increments resulted from surface roughness in
the region of turbulent flo}v. It is accordingly important to
maintain smooth surfaces even when extensive laminar
flow cannot be expectd, but the gains that maybe e.xpectccl
from maintaining’ smooth surfaces are greater for NACA t3-
or 7-series airfoils when extensive laminar flows are possible.

AIO accurate method of specifying the surface condition
necessary for extensive laminar flow at high ReynoIds nti~
hers has been developed, although some general conclusions
have been reached. It may be presumed that for a given
Reynolds number und c.hordwiee position, the size of the
permissible roughness NW valy directly with the chord of
the airfoil. It is known, at one extreme, that t-he surfaces
do not have to be polished or optically smooth, Such
polishing or waxing has shown no improvement in tests in
the Langley two-dimensional low-turbulence tunnels when
applied to satisfactorily sanded surfaces, Poliehhg or waxing
a surface that is not aerodynamically smooth will, of course,
result in improvement and such finishes may be of consider-
able practical value because deterioration of the finish may
be easily seen and possibIy postponed. Large models having
chord lengths of 5 to 8 feet tested in the Langley two-
climen.sional low-turbulence tunnels are usually finished by
sanding in the chordwise direction with hTo. 320 carborunclum
paper when an aerodynamically smooth surface is desired.
Experience has shown the resulting finish to bo satisfactory
at flight values of the Reynolds number. Any rougher
surface texture shoulcl bc considered as a possible source. .of
transition, although slightly rougher surfaces have appeared
to produce satisfactory results in some cases.

Wind-hmnel experience in testing NACA 6-series sections
and data of reference 32 show that small protuberance
extending above the general surface level of an otherwise
satisfactmy surface are more likely to cause transition than
amdI depressions. Dust particks, for example, are more.
effective than small scratches in producing transition if the
material at the edges of the scratches is not forced above the
general surface level. Dust particles adhering to the oil
Ief t on airfoil surfaces by fingerprints may be espected to
cause transition at high Reynolds numbers.

Transition spreads from an individual disturbance with an
included angIe of about 15° (references 31 and 33). A few
scattered specks, especially near the Ieacling edge, wilI cause
the flow to be largely turbulent,. This fact makes neceas~
an extremely thorough inspection if low draga are to be
realized, Specks sufficiently large to cause premature
transition on full-size wings can be felt by hand. The in-

spection procedure usecl in tlw Lmgley two-dimensional
low-turbulence tunnels is b feral the entire surface by hand

after which the surface is thoroughly wiped with a dry clotl.t.

It has been noticecl that transition resulting from individual

smalI sharp protubmanccs, in contrast. LO wmws, [cuds ~u
occur at the protuberance. Transitiwl ruuscd by surfttco
waviness appears to approach th~~wave gmdually m tho
Reynolds number or wave size is incrmscd. Tlw h{*ight
of a smtdl cylindrical protubmmcc nwwwtry to cause transi-
tion when located at 5 percent of the chord with its axis
normal to the surface is shown in figure 19. These dntti were

iii
.g.ow

i $.040
g?
‘8c D30

“~2

~ &l
~~
Q.Q~lo

~~”

*3 0- 1 2 3~,~~R~~[~S8 * 9 !OXIW
nWn& R

FIGUEE19.—Vsrfation with wing Reynolde number of the mlnimunr he!ght ofs cyllmlrlcal
protubrawe necessary to csuse prerrrrmrm transItkm. Ikotuberrum (w 0.03&tnclI d!.
ameter with de normal to wing sur(wr ud is Ioee,kd at b ~rmnt C&UdMs ~~~h+hwd
syrnmetrksl t%erfes s.irbti settion O(IS-pwcontthicknessand wfth mhllrnum prCWIN at
70 pere?nt chord.

obtained at rather Iow values of tlw Rcynohls nwubcr and
show a large decrease in allowahh’ Iwigllt with imwuw in
Reynolds number. This effect of Reynolds number cm
permissible surface roughness is also cvideut in tlgllrc 20,
in whic~l a sharp increase in drag at a Reynolds numlwr of
approximately 20X 106 occurs for the modd pa illt cd willi
camouflage lacquer.

The magnitude of the fuvorable gradirnt npprurs to have n
small effect on the permissible surf ticc roughness for laminur
flow. Figure 21 shows tlwt the roughness bwwmcs rnoru
important at the extranit ies of the low-drag m ngv wlwrc
the favorable pressure gradient is rcducrd ml onc surfmc.
The efl’ct of ‘increasing the Reynolds numl.wr for a surface
of raargintd smoothness, which has all cffcrt similar to in-
creasing the surface roughness for a givrn Rcynr&is numlwr,
is to reduce rapidly the 12X@lL of thu hw-drtig rafqy mid

then to increase tic minimum drag cocf!lrien[ (fig. 21}.
The data of figure 21 were specially chosen to show this
effect. In “most cases, the effect of Rey]wlds llumbm pre-
dominates over the dkct of decreasing the rnagnit udc of tlw
favorable pressure gradient to such an cx~ent that tl~c only
effect is the climinat ion of the low-drag range (rufurtmcc 341.

Permissible waviness.-llore difikulty is genoraJ1y en-
countered in reducing the waviness to pmvnissibhj vahws for
the maintenance of laminar flow thau in obttiinirtg the re-
quired surface smoothness. In addition, the spccifrmtiou
of the required frcrdom from su rfacc wavinma is more
difEcult than that of the required surfam smoothnves. The
problem is not limited merely to finding tho minimum wnvc
size that will cfiuse transition under giwm conditions bccausc
the number of waves and tb~ shape of the wa vvs rrquire
consiclemtion.
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If the wave is sufficiently Iarge to affect- the pressure
distribution in such a ‘manner that laminar separation is
encountered, there is little doubt that such a wave vd cause
premature transition at alI useful Reynolds numbem. Arc-
Iation between the dimensions of a wave and the pressure
distribution may be found by the method of reference 35.
The size of the wave required to reverse the favorable pres-
sure gradient increases with the pressure gmdient. Large
negative pressure gradients -would therefore appear to be
favorable for -rrayr surfaces. Experimental results have
shown this conclusion to be qualitatively correct.

LittIe information is a-vailabl~ on waves too small to cause

Iami.nar separation or even re~ersal of the pressure gradient.
Data for an airfoiI section having a relatively long ware on
the upper surface me gi-ren in figure 22. lIarkwI increases
in the drag corresponding to a rapid forward movement. of
the transition point were not noticeable below a ReynoIds
number of 44X106. On the other hand, transition has been
caused at comparatively low Reynolds numbe~ by a series
of small -waves with a wave height of the order of a few ten-
thouaandths of an inch rmd a wave Iength of the order of
2 inches on the same 60-inch<hord model.

For the types of wave usually encountered on practical-
construction wings, the test of rocking a straightedge over
the surface in a chordtie direction is a fairIy satisfactory
criterion. The straightedge should rock smoothly without
jarring or clicking. The straightedge test wdl not show the
esistence of waves that Leave the surface convex, such as the
wave of ‘figure 22 and the series of small waves previoudy
mentioned. Tests of a Iarge number of practimkmatruction
models, hovre-ier, have shown that those models which
passed the straightedge test were sufficiently free of small
waves to permit lovi drags to be obtained at flight values.of
the Reynokla number.

It is not feasibIe to specify construction toIerancea on air-
foil ordinates with suf6cient accuracy to ensure adequate
freedom from waviness. If care is taken to obtain fair
srwfaces, normaI tolerances may be used without causing
serious alteration of the drag characteristics.
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Drag with fixed transition, -11 the airfoil surface is suffi-
ciently rough to cause transition near the leading edge, large
ch-ag increases are to bo expected. Figure 23 shows that,
although the degree of roughness has some effect, the incre-
ment in minimum drag coefficient caused by the smallest
roughness capable of producing transition is nearly as great
as that caused by much larger grain roughnms. when the
roughness is con.dncd to the leading edge. The degree of
roughness has a much larger effect on the drag at high lift
coefficients. Lf the roughness is sufficiently large to cause
transition at all Reynolds numbers cotidered, the drag of
the airfoil with roughness only at the leading edge decreases
with increasing Reynolds number (fig. 10 and reference 36).

The effect of fixing transition by means of a roughness
strip of Carborundum of 0.01 l-inch grain is shown in figure 24.
The minimum drag increases progressively with forward
movement of the rmghne= strip. The effect on the drag
at high lift coefficients is not progressive; the drag increases
ra.pid]y when the roughness is at the leading edge. Figure 25
shows that the dreg coefficients for the NACA 65 (223)–422
and 63(420)422 airfoils were nearly the same throughout
most of the lift range when the extent of Iaminar flow wrts
limited to 0.30c.

All recent airfoil clata obtained in the Langley two-&men-
sional low-turbulence pressure tunnel include results with
roughened leading eclge, and thrsc data arc includccl in the
supplemcntmy figures. Tests with roughened leading edge
were formerIy made only for a limited number of airfoil
sections, especially those having large thickness rat ios
[reference 37). The stamlarcl roughness selected for 24-inch-
chord models consists of O..Oll-inch carborundum grains
applied to the airfoil surface at the leading edge over a surface
Iength of 0.08c measured from the. leading edge on both sur-
faces. The grains are thinly spread to cover 5 to 10 percent
of this area. This standard roughness is considerably more
severe than that caused by the usual manufacturing irregu-
larities or deterioration in service but is considerably less
severe than that likely to be encountered in service as a

Wavimss.

result of accumulation of icc or mud or &nage in military
combat.

The variation of minimum drag cocflkicwl wilh thicknws
ratio for a number of NTACAairfoils with standard rouglmvss
is shown in figure 12, These data show that. tho magnitudes
of the minimum drag cocfiicicnt-s for thv hTAt2A &scrics
airfoils are less than the values for the NACJ4 four- Rml
five-digikeries airfoils. Tl}e rate of incrrasc of drag with
thickness is greater for tb.c airfoils in the rough cumlitiol~
than in the smooth condition.

Drag with practical-construction methods,—The section
drag coefficients of several airplane wings have burn mmsurcd
in flight by the wake-survey mrthwl (rrfrrcnm 38), mnd n
number of practical-construction wiug sections hnvc IJUCN
tested in the Langley two-dimensional Iow-twhulrnre
pressure tunnel at flight Va]UQs of the Reynolds IIUIl)IJ(!~.

FIight data ohtainecl by the hrACA (rrfwencc 38) arc sum-
marized in figure 26 and some data obttiincd by the Consoli-
dated Vultee Aircraft Corporation me prwwntcd i.n figure 27.
Data obtained in the “Langley two-dimmsionnl low:
turbuhmcr pressure tunnel for typical pri~c(ical<olls[r~lclio]l
sections are presented in figures 28 to 32. Figure 33 prcscnk
a comparison of the drag cOcffk~ients obtnincd in this wind
tunnel for a model of tlw NTACA 0012 section MM]in flighL
for the same model mounted on an airphme. For this cnsc,
the wind-tunnel and flight data agn-w to within lhr cxlwi-
mental error.

All wings for which flight dat~ w-c prcsentetl in flgurr !20
were carefully finished to produce smooth surfnccs. Grunt
care was taken to reduce surface wavinms to a minimum
for all the sections cxccpl- tlw h’ACA 2414.5, the ?$22, tlw
RepubIic S-3,13, and tlw NAC’A 27-212, thnmtur~-gage
rneasurcments of surface vravincss for some of these fiirfoils
tire presented in refwvnce 38. Surfncc conditions corrcslmml-
ing to the data of figure 27 me described in tk Iigurr,
These data show that the sections permitting Mwsivc
laminar flow k] substantially lower drag coeflicicnts whm
smooth than the otlwr sections.
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‘l%e viind-tunnel tests of practical-construction @ sec-

tions as deli~ered by the manufacturer showed minimum
drag coefficie~ta of the order of 0.0070 to 0.0080 in nearly all
cases regar&ss of the airfoti section used (@s. 28 to 32].

Such dues may be regsrdd as typical for good current
construction practice. Finisli.ug the sections to produce
smooth surfaces dwaya produced substantial drag reductions
although considerable wavineas usually remained. h’one of
the sections tested had fair surfaces at the front spar. LTr&ss
special care is taken to produce fair surfaces at the front spar,
the resulting wave may be expected to cause transition either
at the spar location or a short distance behind it. One
practicaI-construction specimen tested with smooth surfaces
maintained relatidy Iow &a&s up to ReynoIds numbers
of approximately 30X106 (NACA 66 (2x15)–116 airfoiI of
fig. 10). This specimen had no spar forward of about 35
perceut chord from the leatig edge and no sparmise stiffeners
forward of the spars. This type of construction resuIted in
unusuaIIy fair surfaces and is being used on some modern

~-per forwce airpIanes.
A comparison of the eHect of airfoil section on the mini-

mum drag with practicaI-construction surfaces is very dMi-
cuh because the quality of the surface has more effect on
the drag than the type of sectiom Probably the best com-
pmison can be obtained from pairs of models constructed at

\ I I I
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FIG- 27.-Cemddnted-VulW fllght measUrealemts oftIleeReet c4wblgemTfoeecondition
cmdrag of en NACA66(215)-1(14.61wingeecth.

the same time by the same manufacturers. Data for such
pairs of models are presented in figures 30 to 32. The remdt.s
indicate that as long as current construction practices are
used the type of section has relatively litt.Ie effect at flight
vahwa of the ReyaoIda number for military airplanes.
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FIGURE 28.-Drag scelo effect on lw-inch~ord praotkak?onatrnctirm model of the
NACA 63(216)-8(16.6)(aPProx.) rdrfdl eatiom CI-O.2 (aPfwox,).
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(aPprox.)aIrfoUwctfonebuilt bp practleal-corratructtonmethodeby the samernrmu-
fectnrar. R-10.23XIIY.

FIGURE32.-Dragscaleeffectfora modelofthe NACA tlbserke sMoII SectIon, 18.27percent
thick, and the Davfe atrfofl aeetio~ 18.27percent thtck, bufIt by practie&rmstruetIon
methrde ~ we earne msnufnetwer. CI=O.46(appmx.).
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FIGURE3L-6cale eRect on drag of tho ?4ACA 84(216)-H6and NACAZXI1Odrfdt acctkma
builtby practical.mnatmrctlon methods by the same manufacturer and teatcd as recchwl.

FIGURE33.-Compar&mr of drag e@tMmte mea. trrtlIglltand wind tunnel for the
NACA @312alrfo)l section at zero lift.
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Important savings in drrtg may be obtained at high
Reynolds numbers by keeping the suxfaces smooth even if
extensive larninar ffow is not reaIized. Drag increments result-
ing from surface roughness in tnrbuIent flow have been shown
to be irnporttmt (reference 31 ). The effects of surface roughness
on the variation of drag with Reynolds number are shown
in figure 29, in which the favorable scale effect usually expected
at high Reynolds numbers -was not realized. This type of
scale effect may be compared with that shown for the hTACA
63(420)422 airfoil with rough Ieading edge but otherwise
smooth surfaces (fig. 10). Drag increments obtained in
flight resndting from roughness in the turbulent boundary
Iayer with fixed transition are presented in reference 39.

Th~ effect of the application of de-ice~ to the leading edge
of two smooth airfoik is shown in figure 34. The deicer
“boots” were installed in both cases by the manufacturer to

-,
Drsfimce from nwokf ceder Lm, ft

FIGUEXM.-The effeet of propeller operation m sectfon drag eoe~efent of a fighter-type afr-
pIenefromte5ts ofamodelfn the LengIey IfHootpresmm tlmneL CL-o.m R-M)(1IY.

represent good typical installations. The minimum drag
coe5cients for *both sections with de-icers inst ailed were of
the order of 0.0070 at high ReynoIds numbers.

Effects of propeller slipstream and airplane tibration.—
Very few data are avaiIabIe on the effect of propeller slip-
stream on transition or airfoiI drag; the data that are a-rail-
abIe do not show consistent results. This inconsistency may
result from variations in lift coefficient., surface condition,
air-stream turbulence, propeller advancedia.meter ratio, and
nnmber of bIades. Tests in the LangIey 8-foot high-speed
tunnel indicated transition occurring from 5 to 10 percent of
the chord from the leading edge (reference 40). Drag measur~
ments made in the Lsmgley 19-foot pressure tunnel (fig. 35)
indicated only moderate drag increments resulting from a
tidmibg propelIer. AIthough the data” of figure 35 may
not be very accurate because of the di.fliculty of making
wake surveys in the slipstream, these data seem to preclufe
very large drag incremenk such as would rewdt from move-
ment of the transition to a position cIose to the leading edge.
These data also seem to be confirmed by recent. hT.ACAflight
data (fig. 36), which show transition as far back as 20 percent
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of the chord in the slipstream. Other unpublished NACA
flight data on transition on an S-3,14.6 airfoiI in the slip-
stream indicated that laminar flow occurred as far back
as 0.2C.

Even less data are available on the effects of vibration on
transition. Tests in the Langley 8-foot high-speed tunnel
(reference 40) ahowed negligible effects, but the range of
frequencies tested may not have been sut%ciently wide. Some
unpublished flight data ahowed small but consistent rear-
ward movements of transition outside tho slipstream when
the propellers were feathered. This effect was noticed even
when the propeIIer on the opposite side of the airplane from
the survey plane was feathered and was accordingly attrib-
uted to vibration. Recent tests in the Ames full-scale tun-
nel showed premature adverse scalo effect on drag coefficients
measured by the wake-survey method whent~ model-support
strut vibrated.

LIFTCHARACTERISTICSOPSMOOTHAIRFOIIS

Two-dimensional data.—As explained in the section “Angle
of Zero Lift,” the anglo of zero lift of an airfoil is largely
determined by the camber. Thin-airfoil theory provicles a
means for computing the angle of zero lift from the mean-line
data presented in the supplementary figures. The agree-
ment between the calculated and the experimental angle of
zero lift depends on the type of mean line used. Comparison
of the experimental values of the angle of zero lift obtained
from the supplementary figures and the theoretical values
Laken from the mean-line data shows that the agreement is
good except for the utiform-load type (a= 1.0) mean line.
The angIes of zero lift for this type mean line generaIIy have
va.hfes more positive than those predicted. The experi-
mental values of the angIes of zero Iift for a number of NACA
four- and five-digit and NACA (laeries airfoils are presented
in figure 37. The airfoiI thickness appears to have little effect
on the value of the angIe of zero lift regardless of the airfoil
series. For the NAC?A four-digit-series airfoils, the angles of
zero lift are approximately 0.93 of the value given by thin-
airfoil theory; for the NACA 230-series airfoils, this factor is
approximately 1.08; and for the NACA 6-series airfoils with
uniform-lotul type mean Iine, this factor is approximately
0.74.

The lift-curve elopes (fig. 38) for airfoils tested in the
Langley twodimensional Iow-turbulence pressure tunnel are
higher than those previously obtained in the tests reported
in reference 8, It is not cIear whether this difference in slope
is caused by the difference in air-stream turbulence or by
the differences in test methods, since the section data of
reference 8 were inferred from tests of models of aspect ratio 6.
The present values of the lift-curve slope were measured for
a Reynolds number of 6X106 and at vaIues of the lift coeffi-
cient approximately equal to the design lift coefficient of the

airfoil section. For the NACA 6-series airfoils thii lift coeffL
cient is approximately in the center of the low-drag rmgc.
For airfoils having thicknesses in the range from O to 10 per-
cent, the NACA four- and five-digit series and tho NACA
64-series airfoil sections have ~alucs of lift-curve sIope very
close to the value for thin airfoils (2T per radim or 0,110 pcr
degree). Variation in Reynolds number I.wtwccn 3X I(Y and
9X 10° and variations in airfoil camber up to 4 pcvccmt chord
appear to have no systematic cflect on w-dues of lift-curvo
slope. The airfoil thielineaa and tho type of tl~iek~ess

distribution appear to be ths prinmry variables. For the
NACA four- and fivedigit-mies airfoil sections, the Iif&
curve slope decreases with incrcasc in airfoil thiekncss.
For the NACA 6-series airfoil sections, howwcr, the lift-
curve slope increases with increase in thickness and forwmd
movement of the position of minimum prcs.suro of [ho Imsic
thickness form at zero lift.

Somc3TACA 6-series airfoils show jogs in tho lift curve
at the end of the lowdmg range, cspeciaIIy at Iow Rcynokls
numbem. This jog becomes more pronounced with incrcasc
of camber or thickness and with rearward mo,vcrrwnt of the
position of minimum pressure on the basic thickness form.
This jog decreases rapidly in severity with increasing Rey-
nolds nuyher, becomes merely a change in lift-curve slopr,
and is practically nonexiatenl at a Reynolds nund.wr of
9X105 for most iirfoile that would be considered for practical
application, This jog may be a consideration in the schxt.ion
of airfoils for small low+pced airplanes. An nnnlysis of
tlw fiow conditions leading to this jog is prcscntcd in refer-
ence 28.

The variation of maximum lift coefficient wi(h airfoil
thickness ratio at m Rcynolda numlm of 6x 106 is shown in
figure 3tI for a number of NACA airfoil sections. T1w airfoils
for VVM data are presentwl in this figure lmve n range of
thickness ratio from 6 to 24 percent tind camlws up to

4 perce@ chord. From the data for tho NACA four- Rnd

five-digjt-series airfoil sections (fig. 3!3 (a)), the mnximurn
lift coefEcients for tho plain airfoils nppenr to bc tllc grealcs~

for a thickness of 12 percent. In general, the rate of chtingc

of maximum lift co&cicnt with thickness ratio tip pram

to be greatest for airfoils having a thickness less tlmn 12
percent. The data for the NACA 6-series airfoils (figs,
39 (b) to 39 (e)) also show a rapid incrcm in maximum ]if~
coeflkient with increasing thickness ratio for t,hirlmcss
ratios of less than 12 percent. For A’ACA Gecries airfoil
sections cambered to give a design lift cociTciwlt of not more
than 0.2, the optimum thickness ratio for maximum lift
coefficient appems to be betwwm 12 and 15 pmwnt, CXCCPL
for the airfoils having the position of minimum prwmuw at
60 percehh chord. The optimum thickness ratio for tho
NACA 6&serim sections cambered for a design lifl cocfl-
cient of Dot more than 0.2 appmms to bo 15 pmccnt or grcatm.
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(a) NAOAfoor-and ffTe@gIt safes.

(c) NACI &6Gerfes.

Airfoiltfijdmes~,~enf of chord -

(b)NAOA&-wIes.

(d) NAOA6s-srcfes.

(d NAOA65mdes.

FmusE37.-?&ssumdswtionangfesOKmu ltftfora numberd NACIAahz%-il=Hons ofmrfomthfckncws@ onmbx, R-6XKF.
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The available data indicate that a thickness ratio of 12
percent or less is optimum for airfoils having a design lift
coefficient of 0.4.

The maximum lift cooilicient is least sensitive to variations
in position of minimum pressure on the basic thickness form
for airfoils having thickness ratios of 6, 18, or 21 percent.
The mwimum lift coellicients corresponding to intermediate
thickness ratios increase with forward movement of the
position of minimum pressure, particularly for those airfoils
huving design lift coefllcients of 0.2 or-less.

Thu ma..imum lift coefficients of moderately cambered

R-IIxIIY.

NACA 6-series sections increase -with incrmsing camber
(fig. 39 (b) to 39 (e)). The addition of mmhcr to tlw sym-
metrical airfoils crmscs the greatest incrcmmts of mfiximum
lift coeflicitint for airfoil thickness ratios varying from G to
12 percent. TIM effccbivcness of camber as a rnmtns of
increasing the maximum lift coefl’lcient generally dccrcascs
as tll.e airfoil thickness incrcascs hcyond 12 or 15 pwcwlL

The available clatti indicate that the combination of u 12-

percen~thick section am-l a mean lino cambwxl for a design
lift coti’nt of 0.4 yields the higlw~ mfixifwm lift.

coefficient.
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The variation of maximum lift with type of mean line is
shown in figure 40 for one 6-eeries thickmss distribution.
No systematic data are available for mean Iines -with values
of a less than 0.5. It should be noted, however, that airfoils
such as the NACA 230+eries sections with the maximum
camber far forward show large values of maximum lift,
AirfoiI sections with maximum camber far forward and with
thickness’ ratios of 6 to 12 percent usually stall from the
leading edge with large sudden losses in lift. A more de-
sirable gradual stall is obtained when the location of maxi-
mum camber is farther back, as for the NACA 24-, 44-, and
6-series sections with normal types of camber.

L I I I 1 I I I I I J-
0 .2 .4 .6 .8 /.0

Type of ccvnber,a

FIOURE40.-VarMon of mexknnm lift mmdent with type of ember for some NAOA
6fe-418alrfoff satfone from Wats in the Ian@ey twodlmendonel Iow-tnrbnlence pressure
tunnel.

A comparison of the maximum lift coefficients of NACA
64-series airfoil sections cambered for a design lift coefficient
of 0.4 with those of the NACA 44- and 230-series sections
(fig. 39) shows that the maximum Iift coefficient of the
NACA 64-series airfoils are as high or higher than those of
the NACA 44-series sections in all cases. The NACA 230-
seriw airfoil sections have maximum lift coeilicients some-
what highm than those of the NACA 64-series sections.

The scale dlect on the maximum lift coefficient of a Iarge
number of NACA airfoil sections for Reynolds numbers
from 3XIOG to 9X108 is shown in ilgure 41. The scaIe
effect for the NACA 24-, 44-, and 230-eeriee airfoils (figs.
41 (a) and 41 (b)) having thickness ratios from 12 to 24 percent
is favorable and nearly independent of the airfoil thickness.
Increasing the Reynolds number from 3 XIOa to 9X 10°
results in an increase in the maximum lift cocflicient of

approximately 0.15 to 0.20, The scalo cflcct on the NACA
00- and 14-series airfoils having thickness ratios lCSS than
0.12c is very small.

The seale~ect datn for the NACA 6-series airfoils (figs.
41 (c) to 41 (f)) do not show an entirely systematic variation,
In gen-flal, the acalo cfTecb is favorablo for these airfoil
sections. For the hTACA 63- and t14-series airfoils with
small cnmber, the increase in maximum lif~ cocfilcicn~ with
increase @ Reynolds number is genmdly sma]I for thiclincse
ratios of leas than 12 percent but is somewhat larger for tho
thicker sections. The character of the SCO1Oeffect for [ho
NACA l% and 66-series airfoil sections is simiIar to that for
the NACA 63- and 64-seriee airfoils but the trends arc not
so well defined. In most cases the scalo effect for A7ACA
6-qerics airfoil sections cambered for a design lift cocllkient
of 0.4 or 0.6 does not vary much with airfoiI thickness ratio,
The data of figure 42 show that the maximum lift cocfflcicnt
for the NACA 63(420)-422 airfoil continues to incm~c wiLh
Reynolds number, at least up to a Reynolds numl.wr of
26X108.

The valuw of the maximum lift coefilcient pwscmtcd wcro
obtained for steady conditions, Tho maximum lift COCIIL
cient may be higher -when the anglo of rItt tick is increasing.
Such a condition might occur during gusts and landing
maneuvers. (See reference 41.)

The systematic investigation of NACA 13-series airfoils
incIuded tests of the airfoils with a simulated split fhip de-
flected 60°. It was believed that thcw tests wouId serve as
an indication of the effcctivenws of more powerful types of
trailing-edge highdift devices although riufficient data to verify
this assumption have not been obtained. The maximum Iifb
coefficients for a large number of hTACA airfoil scclions
obtained from tests with the simukd cd spIit flap arc prcscntcd
in ilgure 3?3.

The data for the NAC.A 00- tind 14-series nirfoils equippccl
with split flap for thickness ratios from 6 to 12 pmccnt show
a coneiderabIe increase in maximum Iift cocfikicnt with in-
crease in thickness ratio. Corresponding data for the NACA
44-series airfoik with thickness ratios from 12 t,o 24 pwccn~
show very little variation in mnximmn ]ift co~lcienl with
thicknees, For NACA 6-series airfoils equipped with split
flaps the maximum lift coefhcients incrcam rapidly witl
increasing thickmxs over a rango of thickness ra tie, WI rrmgo
beginning at thickness ratios between Gand Q.percent, dclmnd-
ing upon the camber. The upper limit of this range for tho
symmetrical NTACA G4- and 65-series airfo’~ appcnrs to ha
greater than 21 percent and for the NACA 63- and GG-series
airfoils, appro.xhnately 18 percent, Bchvcen l.hickncss ratios
of 6 and 9 percent the values of maximum lift cocfficicmt for
the symmetrical NACA 6-series airfoils tire essentially tho
same regardks of thickness ratio and position of minimum
pressure on the basic thickness form. ‘Nw maximum lift
coefllcitit decreases with rearward move.nwnt. of minimum
pressure for the airfoils having thickucss ratios bctwccn 9 find
18 percent.
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Substantial increments in maximum lift coallicient with
increase in camber are shown for the NACA 6-sIxks airfoils
of moderate thickness ratios (10 to 15 percent chord) with
split flaps. For the airfoils having thickness ratios of 6
percent and for the airfoils having thickness ratios of18or21
percent, the maximum Iift coellicient is affected very littIe by
a. change in camber. For thickness ratios greater than 15
percent, t-he maximum Iift coefficients of the XACA 63- and
6&scries airfoils cambered for a design lift. coefEcient of 0.4
equipped with split flaps are greater than the corresponding
masimum lift coefficients of the hTACA 44-series airfoils.

Three-dimensional data.—No recent systematic t.hre~
dimensional wing data obtained at high Reynolds numbem
are available, so that it is ditlicult tu make any comparison
with the section data. When the maximum-lift data for
three-dimensional wings are compared with section data,
account should be taken of the span Icad distribution over
the wing. The predicted maximum lift coefficient for the
wing will be somewhat lower than the matium lift coeffi-
cients of the sections used because of the nonuniformity of
the spanwise distribution of lift coefficient. The difference
amounts to about 4 to 7 percent for a rectmgnIar wing wjth
an aspect ratio of 6.

JIa.ximum-Iift data obtained from tests of a number of
. wings and airplane models in the LangIey 19-foot pressure

tumwd are presented in table II. Although section data at
the ReynoIds numbers necessmy to permit a detailed com-
ptirison arc not a~aiIabIe, the maximum Iift coefficient for
pIain wings given in tabIe II appears to be in general agree-
ment with values expected from section data. The data for
the tiirplane mocleLs are presented to indicate the matium
lift coefficients obtained with various airfoik and
configurations.

LIFT CHARACTERISTK3 OF ROUGH AIRFOILS

Two-dimensional data.—llost recent sirfod tests, espe-
cially of airfoils with the thicker sections, have incIuded tests
with roughened Ieding edge (reference 37), and the avaiIabIe
data me included in the supplementary figures.

The effect on maximum lift coefficient of -wirioua degrees
of roughness appIied to the leading edge of the 3TACA
63(420)-422 airfoil is shown in figure 23. The mafium lift
coefficient decreases progressively with increasing rougbne=
(reference 36]. For a given surface condition at the leading
edge, the maximum Iift coefficient increases slowIy with
increasing ReynoIda number (fig. 43). Figure 24 shows that
roughness strips Iocat ed more than 0.20c from the leading
edge have little effect on the maxirngm lift coefficient or
lift-curve slope. The r=uhs presented in figure 38 show
that the effect of standard leading edge roughn- is to de-
crease the lift-curve slope, particularly for the thicker air-
foils having the position of minim um pressure far back.
These data are for a ReynoIcls number of 6X 1P. 31aximum-

/%?)070& -bw, R
FIGCm 4&—Efk+s of EeyncJds numkr on maxhuum sedon ~ tickt cc.. ofth

NACAE3(4Z))4ZZatrfolIwfthmu@enedondsmoothlmdius@w

lift-coeficient data at- a ReynoIda number of 6Xl(lfi for a
Iarge number of NACA airfod sections with standard rough-
ness are presented in figures 39 and 41. The variation of
maximum lift coefficient with thickness for the A’ACA four-
and five-digit-series airfo~ sections shows the same trends
for the airfoils with roughness as for tie smooth airfoils
exckpt that the vaIues are considerably reduced for all of
these airfoils other than the NACA QO-series air%la of
6 percent thickness. For a given thickness ratio greater than
15 percent, the values” of maximum Lift coefficient for the
four- and five-digit-series airfoils are substant idly the same.

Much Iess -wriation in maximum liit coefficient with thicli-
ness ratio is show-n by the ATACA 6-series airfoiI sections in
the rough condition than with smooth leading edge. The
maximum lift coeflkients of the 6-percent-thick airfoils are
essentially the same for both smooth and rough conditions.
The variation of maximum Eft coefficient .vrith camber, how-
ever, is about the same for the airfoiIs with standard rough-
ness m for the smooth sections. The ma-xinmrn lift co@-
cient of airfoils with standard roughness generally decreases
somewhat with rearward movement of the position of mhi-
mum pressure except for airfoiIs having thickness ratios
greater than 18 percent, in which case same sIight gain in
maximum lift coefficient rssults from n rem-ward movement
of the position of minimum pressure.

Except for the ATACA 44-series airfoils of 12 to 15 percent “-
thickness, the present data indicate that the rough XACA
64-series airfoil sections cambered for a design lift coefficient
of 0.4 have maximum Iift coefficients consistently higher than
the rough airfoiIs of the A’ACA 24-, 44-, and 230-series air-
foiIa of compambIe thickness. Standard roughness causes
decrements in ma.sirnum lift coefficient of the airfoils with
spfit flaps that are substantiality the same as those observed
for the pIain airfoils.
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The masimum lift coeflkicnt may be Iowcrwl by failure to
mainti.in the true airfoil contour near t.hc leading cdgo, but
no s@xnatic data on this effect lmvo been obtuincd. Ex-
ampks of this effecb that. were rLccident tally encount crcd are
presented in figure 44, in which lif~ chtirartwistics ore given
for accurate and slightly inaccurate models. The modA
inaccuracies were so small that they were not found previous
to the tests.

Three-dimensional data,—Tests of several airplanes in tho
LangIey fulkwale tunnel (r~fcrencc 42) show thtit many fac-
tors besides the airfoil sect.ions nffect tho maximum lifb co-
eilicient” of airplanes. Such factors as roughness, lcakngo,
leadiW-edge air intakes, armament instdIat.ions, naccll~~
and fuselages make it difficult to correlate the tiirplano mnxl-
mum lift with the airfoiIs used, c-reu when the flaps ma
retracted. The various flap configurations used make such
a correlation even more difficult wlwn t-he flflps nro dcfkwkxi.
When the flaps wero retracted, both t.hc highes~ and tho
lowest maxinum lift coefficients obtained in recent t@9 of
airplanea and complete mock-ups of conwmtional con@ura-
tione in the LangIey full-scale tunnel wero thoso obtained
with NACA 6-series airfoils.

Remdta obtained from tests of a model of an airp]a no iu
the Langley 19-foot prossure tunnel and of tlw airplane in
the Langley fulLscale tunnel are prcscnhxl in figure 45.
Both tests were made at approximately the same Reynolds
number. The results show that t.hc airplane in the scrvicc
condition had a maximum lift coefficient more than 0.2
lower than thtat of the mo&I, as well M a lower Iift<urvo
sIope, Some improvement in the airphmc lift. characteristics
was obtained by scaIing lerdw. These results show tlm L nir-
plane lift characterist.ic9 are strongly fiffectcd by clct.ails not
reproduced on large-scale amoolh models.
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Lift characteristics obtained in the Langley 19-foot pres-
sure tunnel for two airplane models in the smooth condition
and viith transition fixed at the front spar are presented in
figures 46 and 47. In both cases, the lift-curve slope vm.s de-
creased throughout most of the lift range with &red transi-
tion. The maximum lift coefIicicmt was decreased in one

case but was increased in the other case.

UNCONSERV~TIVEATEFOUS

The attempt to obtain low drags, especially for Iong-range
airplanes, leads to high wing Ioadinga together with reIatitieIy
Iow span loadings. This tendency results in tigs of high
aspect ratio that require Iarge spar depths for structure-l
efficiency. The large spar depths require the use of tick
root sections.

This trend to thick root sections has been encouraged by
the relatively small increase in drag coei%cient tith thickness
ratio of smooth airfoils (fig. 12). Ilhfortunately, airplane
wings are not usuaIIy constructed tith smooth surfaces and,
in any case, the surfaces cannot be relied upon to stay smooth
under all service conditions. The effect of roughening the
Ieading edges of thick airfoils is to cause hrge increases in the
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FIOrBE 4i.—The etketon the IUt churocterfstke ofSxIng the trardtfon on E modeI in the
Iangley UMmt pressuretmmeL R-27XIW. @hrleI with I?ACA airfoileectione..]

~ coefficient at high lift coefficients. The resulting drag

coeflkients may be excesei~e at cruisii Lift coef6cientR for
heaviIy loaded, high-altitude airpIanes. AirfoiI sections that
have suitable characteristics when atuooth but have excessive
drag coeflkients when rough at Iift coefEcients corw
spending to cruking or cIimbing conditions are. classified s
unconservativ’e.

The decision as to whether a given airfoiI section is conscm-’
dive w-ill depen~ upon the po-iver and the wing Ioading of
the airplane. The decision may be affected by expected
service ‘and operating conditions. For emmple, the ability
of a multiengined airpIane to fly with one or more engines in-
operative in icing conditions or after suffering damage in
combat may be a consideration.

As an aid in judging whether the sections are conservative,
the Iift coeflhient comsponding to a drag coefilcient of O.O2
was determined from the supplement ary iigures for a large
number of NTACA &foiI sections with roughened Ieding
edges. The variation of this criticaI lift coefficient -ivith air-

foil thickness ratio and camber is show-n in figure 4s. These
data show that., in generrd, the lift coe.fikient at which the
drag coefficient is 0.02 decreases with rearward movement of
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position of minimum pressure. The thickncse ratio for
which this lif b coefficient is a maximum usually lies bci wccn

12 and 15 percent; variations in thiclmcss ratio from this
optimum range generally cause rather sharp decreases in 1lm
critical lift coefficient. The addition of ctiml.wr to the
symmetrical airfoils usually causes nn inmwtsc in tlw rrit iml
Iift coefficient except for the very thick sections, in whirl] msc
increasing the camber becomes relatively irwffcwtwd nnd may
be actually harmful. All the data of figure 48 correspond to
a Reynolds number of 6X10*. As shown in figuro 4tlj the
drag coefficient itt flight values of tho Reynolds numbrr may
be considerably lower than the drag coeffkicnt nt n Reynolds
number of 6X106 if the roughness is confmcd to the lcwhg
edge.

PITCHINGMOMENT

The variation of the quarter-chord pitching-morncnt coef-
ficient at zero angle of attack with airfoil thirkncss ratio Md
camber is presented in figure 50 for several NACA nirfoil
sections. The quarter-chord pitching-moment coeffh~icn(s of
the NACA four- and five-digit-series airfoils lwcomc lCSS
negative with increasing airfoil thickness. Almost no vmia-
tion in qunrter-chord pitching-rnomcnt coefficient with nir-
foil thickness ratio or position of minimum pressure is shown
by the NACA 6-series airfoil sections. As might be c.xpcctcd,
increasing the amount of camber causes an ahnost uniform
negative increase iii the pitching-moment cocfllcirnt.

As discussed previoudy, tho pitching momcnk of nn airfoil
scwtion is primarily a function of ite camber, nnd thin-airfoil
theory provides a means for estimating the pitching rnomcnt
from th mean-line data prcsentwl in the supplrmcnhwy
figures. A compnrkon of the cxpwimonhd monwut coctll-
cient and theoretical values for the mean lines is prescntwl
in figure 51. The experimental vnlucs of the monmnt cocQl-
cient.s for NACA 6-series airfoils cnrnbercd with the unifomn-
Iond type mean line nre usually about tlmw-qumlurs of the
theoretical values (figs. 50 nnd 51). Airfoils employing mean
lineF with values of a less thm unity, however, have mmncnl
coefficients somewhat more negative thnn thoso indkat cd by
theory. The use of a mean line lmving a value of a lws tlm n
unity, therefore, brings about onIy n sIigM rcduct ion in
pitching-moment coefficient for a given design lift cocff!cicut
when compnred with the vtiluc obtained wtih a unifornl-
Iond type mean line. The cxpwirncntd moment. cocfflcic~ds
for the NACA 24-, 44, and 230-series nirfoils nr~ nlso lCSS
negative .@an those irdicat cd by tlwol~ but the agrccmcut
is closer than for nirfoils having the uniform-lend type mmm
line.

The pitching-moment data for the airfoils cquippwl with
aimulatcd split flaps deflected 60° (fig. 50) indicate thut. Lhc
value of the quarter-chord pitching-moment coefIkirnt lJr-

comes more negative with increasing thickness for all the
airfoils testwl. For the thicker iNACA O-series sections the
magnitude of the moment co@icicnt incrcascs wilh rcamvml
movement of t,hc position of minimum prmsurc.
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POSITION OF AERODYNAMIC OENTER

The variation of chorclwise position of the aerodynamic
center corresponding to a Reynolds number of 6X106 for a
Iarge number of NACA nirfoik is presented in figure 52.
From the data given in the supplementary fig.uw there
appears to be no systematic variation of chord-rise position
of aerodynamic center with Reynolds number. The data
for the NACA 00- and 14-series airfoils, presented for thick-
ness ratios less than 12 percent, show that the chordmise
position of the aerodpmaic center is at the quarter-chord
point and does not vary with airfoil thickness. For the
N7ACA 24-, 44-, and 230-series airfoils with thickness ratios
ranging from 12 to 24 percent, the chordwise position of the
aerodynamic center is ahead of the quarter<hord mint and
moves forward with increase in thickcwss ratio.

The chordvrise position of the aerodymmnic center is behind
the quarter-chord point for the hTACA 6-series airfoik and
moves rearward with increase in &foil thiclmwss, which is
in accordance with the trends indicated by perfect-fluid
theory. There appears to be no systematic mriation of
&hordwise position of the aerodynamic center with camber or
position of minimum pressure on the basic thickness form for
these airfoiIs.

The data of reference 43 show importmt forward move-
ments of the aerodynamic center with increasing traiIing-edge
angle for a given airfoil thickness. For the NACA 24-, 44-,
and 230-series airfoils (fig. 52) the effect of increasing
tmding-edge @e is apparently greater than the effect of

increasing thickness. For the NACA 6-series airfoils, the
opposite appears to be the case.

HIGH-~ DEVICES

Lift characteristiea for tvio NACA 6+Jx& a.irfoikequippecl
tit.h plain flaps are presented in figure 53. These data

Show that the maximum lift co~cient increases less rapidly _

tith flap deflection for the more highly cambered section.
Lift characteristics of three N~C~ 6-series airfoils vrith spfit
flaps are presented in reference 44 and figure 54. The maxi-

mum-lift increments for the 12-percent-thick sections -mere

only about three-fourths of that incwment for the 16-percent-
t.bicIi section. The mw&mm Iift co=cient for the thicker
section with flap deflected is about the same as that obtained
for the ATACA 23012 airfoil in the nom obsolete LangIey
variabIe-density tunnel (reference 45) “knd in the Langley
7-by 10-foot tunnel (reference 46).

Tests of a number of slotted flaps on NACA 6-eriea
airfoils (supplement w-y ilgqures and reference 47) indicate that
the design parameters necessa~ to obtain high maximum
lifts me essentially similar to those for the NACA 230-
secies sections (references 48 and 49). Lift data obtained
for typical hinged singIe sIotted 0.25c flaps (fig. 55 (a)] on
the NACA 63,4-420 airfoil are presented in figure 55 (b).
A ma-ximum lift coellicient of approximately 2.95 was ob-
tained for one of the flaps. Lift clmmcteristics for the
NACA 65,-118 airfoil fitted with a doubIe slotted flap
(reference 47 and fig. 56 (a)) are presented in &ure 56 (b).
A maximum lift coefikient of 338 was obtained. I! may
be concluded that no speciaI &culties exist in obtaining
high masimumlift coefiicientstithslottedf laps on moderately
thick NACA 6+eries sections.

Tests of airpIanes in the Langley full-scale tuunel (reference
42) have shown that expected increments of maximum lift
coefficient are obtained for split flaps (fig. 57) but not foi
slotted flaps (fig. 58]. This failure to obtain the expected
maxirnudift increments with sIotted flaps maybe attributed
to inaccuracies of flap contour and Iocation, roughness near
the flap Ieading edge, leakage, interference from flap sup-
ports, and deflection of flap and Iip under load.

LATERAL-CO~’J!BOLDEVICES

An adequate discussion of lateral-control devices is outside
the scope of this report. The folIowing brief discussion ii
therefore limited to considerations of e&cts of @foil shape
on aileron characteristics.

The effect of airfoil shape on aileron effectiveness may be
inferred from the data of figure 59 and reference 50. The
section aileron effectiveness parameter A~Afi is plotted-
against the aikrcm~ord ratio cd/c for a number of airfoils
of different type in @ure 59. AIso shown in this @e
are the theoretical va.Iues of the parameter for thin airfoils.
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Fmmz 53.-Mnxfmum M eeefficients fer the NACA6&2-61Sand NACA66(Z15)-216atr-
fomfittedWkh0~11<~ @?dl.1dam. R-6X1O.

The data show no lmge consistent trends of aileron-effective-
ness variation with fkirfoit section for a tide range of thick-
ness distributions and thiclmess ratios. In order to evahate
aileron characteristics from section data, a method of analysis
is nec=~my that vdl lead to results comparable to the usual
curves of stick force against- helk angle Pb/2 Y for three-
dimensionrd data. The amdysis that foIlows is considered
suitable for comparing the relative merits of derons from
two-dimensional data.

Two-dimensional data are presented in the form of the
equivalent change in section angle of attack A% required to
maintain a constant section lift coefficient for various de-
flect ions of the aileron from neutral. This equivalent change
in angle of att ack is plotted against the hinge-moment param-
eter AcEfi, which is the product of the aileron deflection
from neutraI and the resulting increment of hinge-moment
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Flap ok ffecf ioq .&,d..

FIWBP. ?i4,-Mtiu Uft cwffieienta for some NAC4 afrfoili fitted *h 0J2@nkfofl~ _
SpUt flap8.

coefEcient based on the wing chord. This method of amdysis ~
takes into account the aileron effectiveness, the hinge
moments, and the possibIe mechanical advantage between
the controIe and the aiIero+s. The larger the value of AaO
for a given value of the hinge-moment parameter, the more
advantageous the combination should be for providing a
large value of ph1217 for a given controI force. The assump-
tion that the aiIeron operates at a constant lift coticient -

as the airpIane rolls is not entireIy correct, however, and

invohnw an overestimation of the eflect of changing angle

of attack ou the hinge-moment coeflkient.. In addition,

the span of the ailerons and other possibIe three-dimensional

eilects are not considered. In spite of these inaccuracies,

the method provides a useful means of comparing the two-

dimensiomd characteristics of different ailerons.
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SUPPLEMENTARY INFORMATION REGARDING TESTS OF T’WO-DIMENS1ONAL MOI)ELS
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For the purpose of e-raluat~~ the effect of airfofl shape on
the aileron characteristics, it is desirable to make the~com-
parison with unbalanced aderons to rrroicl confusion.% Plots
of the parameters for pIain unbalanced flaps of true airfoil
contour on three airfoil sections are shown in figure 60.
The characteristics of the A’ACA 66(215] -216, a=O16 section
are essentiality the same as those for the hTACA 0009 airfoil
within the range of deflection for which data me avdable.
The NACA 64,2-(1.4)(13.5] airfoiI shows appreciably
armdler values of Acd for ~ given value of & than the other
sections presented. ATOcqlanation for thk difTerenee can
be offered, aIthough some of the difference may resxdt from
the slightly smaller chord of the flap for this combination.

The effects of using straight-sided ailerons instead of ailer-
ons of true airfoil contour are shown in fl.-e 61 for two
A7ACA 6-cries airfods. One of the two combinations for
which data are available was provided with an internaI
baIance whereas the other combination was without baJance.
This difference prevents any comparison between the two
combinations but does not affect comparison of the two
contours for each case. For the N’ACA 66(215 ]–216, a=O.6
airfoil, the straight-sided aileron has more desirable charac-
teristics for the range of deflections for vihieh dat a are avail-

Brsfcafrfon 1“10 Typeor afferon ~-

NAcAOscm)-216.a=o.6 0.100’Oa P~
N~A, 03,4-4(17.S)(W .450 omcd-wI&o&9cf fnter- !!-

FIGURE61.-VarIation of the -moment p&mmeterACX~with the eqntvdentchamwfn
~ de ofattack rewired to mafntrdrra conskd aeetion M w5efent for deaectfon
of mA.rfofIantonr and strakhwided aRerons on the NACA 63,M(17Sl (aPPK@
and the NAC.4 W215)-!U6, c-O-6 ahfoll -Ions. ~m sealed.

able. It appears, however, that the straight-sided aiIeron
motid be less advantageous thun the aileron of true contou.
for positive deflections greater than 12”. In the case of
the NACA 63,4-4(17.8) (approx.] airfoil, the straight-
Sided aiIeron appears to have no advantage over the aiIeron
of true airfoiI contour. The advantage of using straight-
sided ailerons appems to depend markedIy on the airfoil used
but suf%cient data are not availabIe to determine the signif-
icant airfoil parameters- Figure 62 shows that in one case
the effect of leadirq@ge rougbnees on the aiIeron character-
istics is unfavorable.

LEADING-EDGEAIRIXTAK=

The problem of designing satisfactory Ieading-edge air
intakes is to maintain the lift, drag, and critical-speed
characteristics of the sections while protiding low intake
losses over a wide range of Iift coefficients and intake -doeity
ratios. The d&ta of reference 65 show that desirable intake
and drag characteristics can easily be maintained over a
rather small range of Iift coefficients for h’ACA 6-series air-
foils. The data of reference 65 show that the intake losses
increase rapidIy at moderately high lift coefEcienk~ for the
shapes tested. L_npublished data taken at the Langley

Laboratory indicate that shapes such as those of reference
65 have low maximum lift coefficients. Recent data sholr
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that air-intake shapes can bc provided for such nirfoil sec-
tions with de~irable air-intake c.htirackvktim and without
loss in maximum liftvccwfficient (fig. 03). Some pressurc-
dktribution data for the air intakes sbowu in figure 03 i.u-
dicate that the critical speed of t.hc section has bccu lowered
only al.@tIy and that fnIIing prmsurcs in the dkcction of
flow were maintained for some distance from” tlm lcitding
edge on both surfaces at lift coefficients ncwr the design lift
coelYicienti for the section. Sufficient information is no~
available to permit such dcsimblo con@wations to bc de-
signed }yithout experimental dovcloprncnt.

INTERFERENCE

The main problem of bterferonce ak IOIVh.fncl~ numl)crs is

considered to be that of avoiding boundary-layer sepnrrtt ion
resulti~ from rapid flo~v expansions caused by t.hc add il.ion
of induced velocities about bodies and the boundary -lnyer
accurmdations nenr intersections. ATo rcccnt dystcnmtic
investigations of interference such as tho invcstignticm of
reference 66 have beeu made.

Some tests have been made of airfoil scctiona with in-
tersecting flat plates (reference 67). Thcao conllgurnt,ions
may be ~onsidcred to represent approximately the condition
of a wing intersection with a large flnbsidcd fuael~~c. In

.

24-inchchord

SectIonmqlo of otfock,q , deg
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.

FIGLiiE 69.-Lift tind flow chmacterlqtim of an NACA 7-eerIestype afr[oll wctlon with Ieadlngdge dr fntake.
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this case, theinterference may reconsidered to result from
the eflect on the wing of the fully developed turbulent bound-
ary Iayer on the fuselage or flat plate and the accunmktion of
boundary layer in the inte~ction. These tests shovmd
littIe interference except in cases for which the boundary
layer on the airfoil aIone vms approaching conditions of
separation such as were noted with the less conservati~e
airfoils at moderately high lift coefficients.

Some scattered data on the characteristics of nacelIes
mounted on airfoiIs permitt~m exterwive Iamimu flow are
pr=nted in references 68 to 70. The data appear to in-
dicate that the interference problems for conservative NACA
6-series sections are similar to those encountered vzith other
types of airfoil. The detail shapes for optimum interfering
bodies and Wets may, however, be different for various
sections if locaI excessive expansions in the flow are to be
avoided.

Some lift and drag data for an airfoil with pusher-propeller-
slmft housings are presented in reference 71. These results
indicate that protuberances near the tr”ailing edge of W&
should be carefully designed to a~oid unnecesmry drag
increments.

Another type of interference of particular importance for
high-speed airpIanes results in the reduction of the mitical
Mach number of the combination because of the addition of
the induced velocities associated with each body (reference
72). This effect may be kept to a minimum by the use of
bodies with Iow induced velocities, by separation of inter-
fering bodies to the greatest possible extent, and by such
selection and mrangement of combinations that the points
of maximum induced ~eIocity for each body do not coincide.

APPLICATIOIYTO WING DESIGN

Detail consideration of the various factors aflecting wing
design lies outside the scope of this report. The following
discussion is therefore Iimited to some important aerodyna-
mic features that must be considered in the application of
the data presented.

APPLICATIONOFSECTIOXDATA

Wing characteristics are usuaIIy predicted tim airfoil-
sect,ion data by use of methods based on simpIe liftingdine
theory (references 73 to 76). Application of such methods
to wings of conventional plan form without spanwise discon-
tinuities yields results of reasonable engineering accuracy
(reference 77), especially with regard to such important
characteristics as the angle of zero lift, the Iift-curve slope,
the pitching moment, and the drag. BasicaIIy simiIsr
methods not requiring the assumption of linear section lift
chamcteristics (referencw 78 and 79} appear capable of
yieIding rewdts of greater accuracy, especirdly at high lift
coefficients. Further refinement may be made by consider-
ation of the chordwise distribution of lift (reference 80).
Wings with large amounts of sweep require special consider-
ation (reference 81).

The usual wing theory assumes that the resultant air force
and moment on any wing section are functions of onIy the
section lift coefEcid (or angle of attack) and the section
shape. According to this assumption, the air forces and
moments on any section are not. affected by adjacent sections
or other features of the wing except as such sections or
features affect the lift distribution and thus the IocaI lift of
the section under consideration. These assumptions ob-
vioudy are not valid near -wing tipsj near cliscontinuities in .
deflected flaps or aikrons, new disturbing bodiw, or for
mings -with pronounced sweep or sudden charqyx in plan
form, section, or twist. Lhder such circumstances, cross flows
result in a breakdovim of the concept of two-dimensional
flow OY= the airfoil sections. h addition to these
moss flows, induced effects exist that are equivalent to a
change in camber. Such eflects are particularly marked
nerw the wing tips for wingp of normal plan form and for
wings of low aspect ratio or unusual pkm form. Lifting-
surface theory (see, for example, reference 81) provides a
means for calculating wing characteristics more accurately
than the simpIe lifting-line theory.

Although span Ioad distributions calculated for wings “tith
discontinuities such as are found -with partiaI*pan flaps
(references 82 and 83) may be sficiently accurate for
structural design, such distributions are not suitable for
predicting maximum-lift and st.ding characteristics. LTntiI
sufficient data are obtained to permit the prediction of the
masimum-lift and stdh.ng characteristics of -wings vrith
&continuities, these characteristics may best be estimated
from previous results with sirrdar wings or, in the case of
unusuaI configurations, should be obtained by test.

The characteristics of intermediate wing sections must be
known for the application of wing theory, but data for such
sections are seldom amiIable. Tests of a number of such
intermediate sections obtained by several manufacturers for
wings formed by straight-h faking have indicated that the
characteristics of such sections maybe obtained with reason-
able accuracy by interpolar ion of the root and tip character-
istics according to the thiclmess variation.

E~CTIO~ OFEOOTSECTIOX

The characteristics”of a wing are affected to a Iarge extent
by the root section. In the case of tapered wings formed by --
straight-line fairingj the resulting nordinear variation of sec-
tion along the span causes the shapes of the sections to be
predominantly affected by the root section owr a. large part
of the wing area. The desirability of having a thick wing -
that provides space for housing fueI and equipment and re-

-..--,

duces structural weight or permits Iaxge spans usually leads
to the sekction of the thickest root section that is aerody-
namica.lIy feasible. The comparatively small variation of
minimum drag coefEcient vzith thickness ratio for smooth
airfoils in the normal range of thickness ratios and the main- - ‘“
tenance of high lift coefficient for thick sections with flaps -
d~ected usuaIIy result in li@tation of thickness ratio by
characteristics other than m~~imum Iift and minimum drag.
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The critical 31ach number of the section is the most serious
limitation of thickness ratio for h~h-speed airplanes. lt is
desirable to select a root section with a critical Nfach number
-sufficiently high to avoid serious drag increases resulting from
c.ompressil)ility eff eels at the highest level-flight speed of the
airplane, allowance being made for the inmeased velocity of
flow over the wing resultiug from interference of bodies and
slipstream, Available data indicate that a small margin
exists between the critical llach number and the ~lach numb-
er at which the drag increases sharply. As airplane speeds
increase, it becomes increasingly dillicult and finally impos-
sible to avoid the drag increases resulting from compressibil-
ity effects by reduc~ion of the airfoil thickness ratio.

In the cases of airplanes of such low speeds that compressi-
bility considerations do not limit the thickness ratio to values
lass than about 0.20,the maximum thicliness ratio is limited
by excessive drag coefficients at moderate. and high lift
coefficients with the surfaces rough. In these cases, tho
actual surface conditions expected for the airplane should be
considered in selecting the section. Consideration should
also be given to unusual conditions such as ice, mud, ancl
damage caused in military combat, especially in the case of
multiengined airplanes for which ability to fly under such
conditions is desired with one or more engines inoperative.
In cases for which root sections having large thickness ratios
are under consideration to permit the use of high aspect ratios,
a realistic appraisal of the drag coefficients of such sections
with the expected surface conditions at moderately high lift
coefficients will indicate an optimum aspect ratio beyond
which corresponding increases in aspect ratio and root thick-
ness ratio will result in reduced performance.

Inboard sections of wings on conventional airplanes me
subject to interference effects and may be in the propeller
slipstream, The wing surfaces are likcIy to be roughened by
access doors, landing-gear retraction wells, and armament
installations. Attainment of extensive laminar flows is,
therefore, less likely on the inboard wing panels than on the
outboard panels. Unlms such effects are minimized, little
drag reduction is to be expected from the use of sections

pmrnitting extensive laminar flow. Under these conditions,
the use of sections such as the NAC?A 63-series will provide
advantages if the sections are thick, because such sections are
more conservative than those permitting more extensive
laminar flow.

SELECTIONOF TIP SECTION

ln order to promote desirable stalling characteristics, the
tip section should have a high maximum lift coefficient and
a large range of angle of attack between zero and maxi-
mum lift as compared with the root section. It is also
desirabIe that the tip section staIl without a large sudden loss
in lift. The attainment of a high maximum lift coefficient is
often more difficult at the tip section than at the root section
for tapered wings because of the lower Reynolds number of
the tip section. For wings with smaJl camber, the most
effective way of increasing tl]e section maximum lift coeKi-
cient is to increase the camber. The amount of camber used
will be limited in most cases by either the critical-speed
requirements or by the requirement that the section have
lo-iv drag at the high-speed lift coefficient. -

The sekction of tho op~imurn type of camber for the tip
section presents problems for which no rategorimd anawcrs
can be given on & basis of wiisting data. Tho usc of n typo
of camber that imposes heavy loads on the ailerons com[~li-
cates the design of tho lateral-control systm-n and incrcascs
its weight. Tho use of a type of cwnbcr that mrries lhc lift
farther forward on the section imd thus relieves the nilcrom
will, however, lmve little effect on tlw maximum lift coeffi-
cient of the sectiou unkss the maximum-ramlwr position is
-well forward, as for tho NACA 230-series sections. In this
case a sudden loss of lift WLthe shall may be cxpcctw[. The
effects on the camber of modifications to the uirfoil conlour
near the trailing edge, which may I.Mnmdc in ~csigning t,ht!

ailerons, should not bc overlooked in cst imat ing tlw cha rnc-
teristics of the wing.

If the root sections are at least modwateiy thick, il is
usually desirable to select a tip section with a somcwl~at
reduced thickness ratio. This reduction in thicknms ratio,
together with the absence of induced velocities from inhw
fining bodies, gives a mmgin in critical speed that pcrmite lhe
mmber of the tip section to be increased. This rcduc [ion in
thickness ratio will probably bc limited by the Ioss in nmxi-
mnm lift coefficient resulting from too thin a scclion.

A small amount of aerodynamic washout may also bc
&cful as an aid in the avoidance of tip stalling. Tlm Ix~r-
m.kible rtmounh of washout may not be Iimitd by t,hc in-
crease ininduced drag, which is small for 1° or 2° of wnshuut
(reference 73). The limiting washout may bo that which
causes the tip secfiion to operak outeido iho low-drng rnngc
at the high-speed lift coefficient. ‘1’lIis limitation may tJO

so sever~ as to require some ad~ushncnt of the cnrnbcr to
permit ~lle use of any washout.

A change in airfoil section betxccn tlm root and tip may
bo desirable to obtain favornblo stalling Aarnctcristics or
to take advantage of the greatm extent of lnminar flow tlmt
may be possible on the outboard sections, Tlms, such com-
binations as an NACA 230-series root section with an NACA
44-series tip section or an NACA 63-series “ioo~ sect ion w“i~l
an hTACA 65-series tip section may be dmirablc,

It should be noted that the tip sections may easily lx so
heavily loaded by the use of an unfavorable plnn form as LO
cause tip stalling with an,y reasonable choim of sect iou and
washout. Both high taper fatios rmd huge nmounk of
sweepback are unfavorable in this respect and arc ptl rt.icu-
Iarly btid when used together, bccrmso the resulting tip stall
promotes longitudinal instability at the stall in addition to
the usual Iateral instability.

CONCLUSIONS

The following conclusions may be drawn from the dalu
presented. Most of the data, particularly for the lift, drag,
and pitching-moment characteristics, were ob taincd at
ReynoIds numbers from 3 to 9X106.

1. Airfoil sections permitting e..tensivo laminnr flow, such
as the NACA 6- and 7-series sections, result in subshmtinl
reductions in drag at high-speed and cruising lift cocmcicnh
= compared -with other sections if, and only if, the wing
surfaces are fair and smooth.
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2. Experience with full-size wings has shown that extensive
hrninar flows are obtaintibIe if the surface fiish is as smooth
m that protided by sanding in the chord-wise direction with
ATO.320 carborumhm paper and if the surface is free from
small scattered defects and specks. Satisfactory redts
me usualIy obtained if the surface is suf%ciently fair to permit
a straightedge to be rocked smootldy in the chordwise direc-
tion without jarring or clicking.

3. For wings of moderate thickness ratios with surface
conditions corresponding to those obtained tith current
construction methods, minimum drag coefficients of the
order of 0.0080 may be expected. The vahm of the mini-
mum d~~ coefEcient for such wings depend primarily on
the surface condition rather than on the airfoil section.

4. Substantial reductions in drag coefficient at high
Reynolds numbers may be obtained by smoothing the
wing surfaces, even if a~tensive laminar flow is not obtained.

.5. The masimum lift coefEcients for moderately cambered
smooth NTACA t%eriea airfoils with the nniforndoad type
of mean line are as high as those for hTACA 2&.and &l-series
airfoils. The hTACA 230-series airfoils have somewhat
higher matium Iift coefficients for thickness ratios less
than 0.20.

6. The maximum Iift coetlicients of airfoils with flaps me
about the same for moderately thick hTACA 6-series sections
as for the IYTACA23012 section but appear to be considerably
Iower for thinner hlACA 6-series sections.

7. The Iift-curve slopes for smooth NACA 6-series airfoils
me slightIy higher than for ISTACA 24-, ~-, and 230-series
airfoik and usualIy exceed the theoretical vaIue for thin
airfoils.

S. Leading-edge roughness. causes large reductions in
maximum Iift coefficient for both pIain airfoils and airfoiIs
equipped titLt spIit fhps deflected 60°. The decrement in
maximum lift coefficient rcmdting from standard rongbmss
is essentially the same for the pIain airfoils as for the airfoiIs
equipped with the 60° split flaps.

9. The effect of Ieading-edge roughness is to decrease the
Iift-curve sIope, particularly for the thicker sections having
the position of minimum pressure far btick.

10. Characteristics of airfoil sections with the expected
surface conditions must be know-n or estimated to provide a
satisfactory basis for the prediction of the characteristics of
practicaI-construction vi-ings and the seIection of airfoils
for such rings.

11. The ATACA 6-series airfoils provide higher critical
hlach numbem for high-speed and cruising lift coefficients .,
than eadier types of sections and have a reasonable range
of Iift coefEcients within which high critical Mach numbers
may be obtained.

12. The ATACA 6-series sections provide Iower predicted
criticaI llach numbers at moderately high lift coefiiciente
than the earlier types of sections. The limited data avail-
abIe suggest, however, that the ~NACA 6-cries sections retain
satisfactory lift characteristic up to higher Mach numbers , ,.
than the earlier sections.

13. The ATACA 6-series airfoik do not appear to present.
unusuaI probIems with regard to the applica kion of aikrcms.

14. Problems associated vcith the avoidance of boundary- -
layer separation caused by interference are expected to be
similar for conservative JNACA 6-series sections and other
good airfoils. DetaiI shapes for optimum interfwing bodies
and fillets may be different for various sections if local exces-
sive expansions in the flow are to be avoided.

15. Satisfactory Ieading-edge air intakes may be provided
for NAC’A 6-series sections, but insufficient information exists
to allow such intakes to be designed without experimental _
development.

LANGLEY MmomAL &RONAmlcAL kORATORY,

~TATIONAL ADVISORY COMMI~EE” FOR AERONAUTICS,
L.*NGLEY FIELD, J’.4., ~farch 5, 1945.



APPENDIX

METHODS OF OBTAINING DATA IN THE LANGLEY TIVO-DIMENSIONAL LO}V-TURBULENCE

By MILTON M. KLEIN

DESCRIPTIONOF TUNNELS

The Langley twodimensional low-turbulence tunnels are
closad-throat wind. tunnels having rectangular test sections
3 feet wide and 7% feet high and are designed to test models
completely spanning the -width of the tunnel in two-
dimensiom-d flow. The lo-w-turbulence level of these tunnels,
amounting to only a few hundredths of I percent, is achieved
by the large contraction ratio in the entrance cone (approx.
20: 1) and by the introduction of a number of fl.ne-
wire small-mesh turbulenc~re.ducing screens in the .videst
part of the entranco cone. The chord of models tested in
these tunnels is usually about 2 feet, although the characteris-
tics at low lift coefficients of models having chords as large
as 8 feet may be determined.

The Langley twodimensiona.1 low-turbulence tunnel oper-
ates at atmospheric pressure and has a maximum speed of
approximately 155 miles per hour, The Langley two-
dimensionaI Iow-turbulence pressure tunnel operatea at pres-
sures up to 10 atmospheres absoIute and has a maximum
speed of approximately 300 miles per hour at atmospheric
pressure. Standard airfoil tests in this tunnel are made of
2-foot-chord wooden models up to ReynoIds numbers of
approximately 9X 10@at a pressure of 4 atmospheres absolute.

The lift and drag characteristics of airfoils tested in these
tunnels are usurLIIy measured by methods other than the use
of balances. The lift is evaluated from measurements of the
pressure reactions on the floor and ceiling of the tunnel. ‘I’he
drag is obtained from meas~emen~ Of static ~d tot~
pressures in the wake. Moments are usually measured by a
balance.

SYMBOLS

A,, A,, . . . A. coefficients of potential function for a
SyInmetiC&l body

a. fraction of chord from leading edge over
which design load is uniform

B dimensionkse constant determining width
of wake

c chord
cd drag cocfEcient corrected for tunnel-waII

effect.s
cd’ drag coefficient uncorrected for tunnel-wall

effects
cdT drag coefficient measured in tunnel
c1 section lift coefficient oorrected for tunnel-

waU effects

c/

c Ii

Gtr
Gnc,4

Gilc14t

F

FO

f
HO
H,
He

H clam
h.

I.<=$T

L
L’

m

n

P.

PI

!zO

s“
s,

s
u

v
Av

TUNNELS

section Iift coeficicnt uucorrcctwl for lunncl-
wd effects

design lift cocflicicnt
lift coefficient measured in tunnel
momdnt oocfEcicnL abou~ qumlcr-chord

point corrected for tmnncl-wall effects
moment coefficient, abou~ qumtcr-chord

point measured in tunnel
average of Yclocity rcadinbw of orifices on

floor and ceiling used to mmsurc bIocking
● at high lifts

average due of Fin low-lift. range
potenbial function used to obtain ~-fwt.or
‘total pressure in front of ifirfoil
total pressure in wtikg of girfoil
coe.t%cient of 10ss of total Iwcssurc in 1110”

“+%9
maximum value of H,
tunnel height

true lift resulting from a point vort.ux
lift associated with a point vortcs as

measured by int cgrnting manomebm
upstream limit of integration of floor and

ceiling pressures
downstream limit of integration of floor

and ceiling pressures
rcsndtsnt pressure coeflkient; diflcrcnco

between local upper- and lower-surface
pressure coefficients

static pressure in the wnkc
free-stream dynnmic prcesurc

Ii*~

()
static-pres9urc cocffkient —,

4?0
static-pressure coefficicnL in the wnko

(“%

—

m
distance along airfoil surface
veIocity, due to row of vortices, at tiny

point along tunnel walls
free-stream velocity
increment in free-slmwrn velocity duo Lo

blocking

312
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v’ corrected indicated tunnel velocity
V?t tunnelveIocity measured by static-pressure

o&ces
u 10CSIveIocity at any point on airfoil surface
w potential function for flow past a symmetri-

c body
x distance aIong chord or center line of

tunneI

Y
‘Byw

()
mriabIe of integration ~

Y distance perpendicular to stream direction

‘Yt ordinate of symmetries-l thickness distri-
bution

Yw ‘ distance perpendictiar to stream direction
from position of H,~z

dgt
z

sIope of surface of symmetrical thickness
distribution

z compIex wu-iabIe (z+iy)

% angle of zero lift

% section angle of attack corrected for tunnel-
wdl effects

w’ section angIe of attack memured in tunnel
r strength of a singIe -iortex

T ratio of measured lift to actual Iift for any
type of lift distribution

% q-factor for additional-type Ioadhg

~b q-factor for basic mean-line loading

% q-factor applying to a point ~ortex
A component of blocking factor dependent on

shape of body

E quantity used for correcting effect of body
upon -reIocit y measured by static-pr-ure
orifices

u component of blocking factor dependent on
size of body

potentiaI function

; stream function

.MEASUREME31T OF LIFT

The lift carried by the airfoil induces an eqmd and opposite
reaction upon the floor and ceiLing of the turmeI. The Iift
may therefore be obtained by integrating the pressure dis-
tribution along the floor and ceiIing of the tnnneI, the inte-
gration being accomplished with an integrating manometer.
Because the pressure field theoretically extenda to infinity in
both the upstream and the downst.retun directions, not alI the
lift is included in the length ovwr which the integration is
performed. It is therefore necesss to appIy a correction
factor T that gives the ratio of the measured lift to the actual
lift for any lift distribution. The calculation vim performed
by fist finding the correction factor ~z applying to a point
vortex and then determining the weighted average of thk
factor over the chord of the modeI.

The factor q= was obtained as folIows: The image system
which gives only a tangenthl component of veIocity aIong the
tunnel waIIs is made up of an tite vertical row of vortices
of alternating sign as show in figure 64. If the sign of the
vortex at the origin is assumed to be positive, the compIex
potential functionj for this image system is

.

where

r strength of a single vortex

z compIex variabIe (z+iy)

Iir tunnel height

-+

-_

-+

-+

L~ MY1l---’”
.-

“+

Fmmx w—ham system for dcdatim d +tor h h Lm3M tw*e~~
Iow-turbulencetnnnds.

The velocity u, due to the row of vortices, at any point
along the tunneI walls -where

hT
Y=~

is then obtained M

(19)

where x is the horizontal distance from the point on the wall
to the origin. The resultant pressure coefficient PE is then
given by

p.=?

(20)

where T’ is the free-stream ~eIocity.
The lift manometers integrate the pressure distribution

aIong the floor and ceiIing from the downstream position n
to the upstream position m (Q 64). For a point vortex
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located a distance z from the origin along the center line of
the tunncd, the limits of integration become n –Z and m—~.
The lift L’ associated with a point vortex, as measured by
the integrating manometers, is given by

, J

n-r
L’= goPEdx

m—z
(21)

where q~is the free-stream dynamic pressure.
The true lift L resulting from the point vortex is given by

20hr
~=~

The correction factor q= is then

~,. ”

%=1

1

J

n-z
sech ~x dx

‘G .-. .

.—----

(22)

In the Langley two-dimensional low-turbulence tunnels,
the orifices in the floor and ceihg of the tunnel used to
measure the lift extend over a length of approximately 13
feet. A plot of q= against z for the Langley two-dimensional
low-turbulenc~ pressure tunnel is shown in figure 65. The
q-factor for a given lift dist ribut ion is obtained from the
expression

(23)

Distonce‘ckx.vnstreamfm r-ef=ence pointinM, x,ff

FIGUREM,—Lift e5cIcneg factor q. for a point vortsx sftuated at wrfous positionsslomsthe
writerhoofthstw.msl,

The values of qt und q= for tlw Langley t \vo-~liltl(~l~sioIlnl
low-turbulence pressure tunnel arc given in k followiug
table for a n]odel having a chord length of 2 fret, WINW ~b is
the q-factor corresponding to the basic mean-line loading
(indicated by the value of a) and ~a is the ~-fuctur for the
additional type of loading as given by thin-airfoil theory:

m“”

a Vb

1.0 0. W4i
.8 .0342
.6

,. %%
.: .9325

0 .Wn
.—

q.-omw

In order to check the variation of q. with variations in [ho
additional type of lift distribution, [hc value of qd wtts re-
calculated for the class C! additional lift distribution given in
figure 6 of referenco 74. The value of q= for this CCISCwas
0,9304, as compared with 0.9296 for a thin airfoil. Bccausc
of the small variation of ~. with the typo of wiilitiond Iif(,
the value for thin-airfoil additional lift was used for till ml-
culat.ions. The Iift coefllcient of the model in the (uuncl
uncorrected for blocking cl’ is given in terms of the lift co-
etlicient measured in the tunnel c,= and th(’ drsign lift cocfl-
cicnt of the airfoiI Clt by the following cxprcssiou:

Becauti ~0 does not dilTer much from q=, it is not ncccssttry
that the basic loading or the design lift cocfllcimt be knowu
with great accuracy.

Because of tunnel-wall and other effects, the lift tlistril)u-
tion over the airfoiI in the tunnel dots not ugrce exactly with
the nssumcd lift distribution. Bccausc of tlw small vnrio-
tions of q with lift distribution, errors caused hy this effect urr
considered negligible. It cgn also be showllthbtt crrora cmlscd
by neglecting the effect of airfoil thickness on the distri-
bution of the lift reaction aIong the tUIIIWl walIs two smtdl.

MEASURE.WENTOFDRAG

The drag of an airfoil may be obtained from observations
of the pressures in the wake (rcfcrcncc 84), An approxi-
mation to the drag is given by thu loss in total pressure of the
air in the wake of the airfoil. ‘The loss of totttl prwsurc is
measured by a rake of tottil-pressure tubrs in tl~e wbtktj.
When the total pressures in front of the airfoiI aml in tlw
wake are represented hy 130 and F]I, respcctivcly, thr dmg
coefficient obtained from loss of total prm.sure c~r is

(25)

where

H, coefficient of loss of total pressure in t.hc wtikc ~;I&,J
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y= distance perpendicular to stream direction from position
of Hc_

If the static pressure in the wake is represented by pi,
the true drag coefficient. uncorrected for blocking cd’ may be
shown to he (reference 84)

Ho–p,
where S1 ia the static-pressure coe.fiicient- in the wake — -

@
The assumption is made that the variation of totfd pressure
across the wake can be represented by a-normal probability
curve. The drag coefficient cC’is then easily obtainable from
measurements of c$~ by means of H factor K, the ratio of cd’
to ct~, which depends only on iS1and the maximum value of
He If the maximum vaIue of H= is represented by H.=u,
the equation of the nornd probability curve is

&H=wJ(?)’

where B is a dimensionless constant that determines the
width of the wake. If a convenient variable of integration
~. By..

= — IS used, the ratio K is
c

and is independent of the width of the wake. The quantity
K has been evaIuated for various values of ~.mz and S’, by

assuming S1 to be constant across the wake. The drag
coefficient cd’ may thus’ be obtained from tunneI measure-
ments of cd=,H=_, and&. A pIot of Kas a function of Hc_
with .& as parameter is given in @u-e 66. A parallel treat-
ment of this probkn is given in reference 85.

TUNNEL-WALL CORRECTIONS

In twodimensionsl flovv, the tunnel walls maybe conven-
iently considered as having two distinct effects upon the flow
over a modeI in a tunnel: (1) an increase in the free-stream
velocity in the neighborhood of the model because of a
constriction of the flow and (2) a distortion of the lift
distribution from the induced curvature of the flow.

The increase in free-stream velocity caused by the tunneI
walls (bIo&ing eflect) is obtained from consideration of an
infinite -rerticaI row of images of a symmetrical body as
given in reference 86; the images represent the effect of the
tunneI waIIs.

.8

.7

FI@mE W—Plot of Ku a functfonofH*.U wfth St as a smrameter.

The potential function w for a symmetrical body is
given by

w= Vz++++ . . “ ++ (2a)

where 1“ is the free-stream velocity and the coefficients &
AZ, . . . are complex. If the tunnel height is large com-
pared to the size of the body, powers of I/z greater than 1
may be neglected and

This operation is equivalent to replacing the body by a circk
of rbich the doubLet strength is 2r+11; the term AJz repre-
sents the disturbance to the free-stream ffow. The total
induced velocity at the center of the body due to all the
images is eqressed in reference 86 as

.

(30)

-where the term Al is the same as the term ~ l&17 of

reference 86.
For convenience in tunnel calculations, the expression of

Al” ma~ be written
AI-7
— =Auv

where

(31)

(32)

(33)

The factor u depends onIy on the size of the body and is
easily calculated. The factor A depends on the shape of the
body and is more dficult to calculate. For bodies such as
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Rankine ovals and ellipses, simple formulas maybe obtained
for calculating A. In the general case, the value of A may
be obtained from the velocity distribution over the body by
the expression

‘=H%mm9 (34)

where v is the velocity at any point on the airfoiI surface and
dy,/dx is the slope of the airfoil surkcc at any paint of which
the ordinate is yl.

I

Y

_ .& ~-----%fhofmfegrof;wv

Y “ x

Fmurcc 67.-Sketch for derivation of A4actor.

In order to obtain this expression, consider the flow pasta
symmetrical body as shown in figgre 67. The potential
function for this flow is given by equation (28). Differen-
tiating and multiplying equation (28) by 2 gives

The line integral

depend only on the
residues, is given by

J

hdzti
about a closed curve

c dz
term –AJz and, from the theory of

s~Z ~dz=–2m-iAl

but

= (Z+iy)(d(j+i (?*)

where @is the potentiaI function and x is the stream func-
tion. On the surface of the body d+=o, so that

(35)

Since the body is symmetrical, the term z drpwill have
equal numerical vaIues but opposite signs at corresponding

points of the upper and lower surfaces, and
J

z C-l@Wiu

vanish. The term y do will have equal value: at corre-

sponding points of the upper and lower surfaces, and

J
~ y d~ maybe replaced by an integration over the upper

surface; therefore,

J A J
dz=2i y d~ (countcrdockwiae direction)

Reversirig the path of int~gration, replacing d~by vds, rcplac-

11+
~ ““ lofil”

ing da by dx, and soIving for A=m gives
x

‘=3%R9W
where the integration is taken from tho lending cflgo to the
trailing edge over the upper surfuce.

In addition to the error caused by blocking, an error axists
in the measured tunnel velocity bccmsc of tlm intcrfcrcucc
eflecte cd the model upon the velocity indicated by the static-
pressure orifices located a few fccL upstream of the model
and halfway between floor and ceiling. In ordrr LOcorrccL
for this error, an analysis was mflde of the vclocit.y distribu-
tion along the streamline halfway beLwwm the uppm and t.hc
lower tunnel wrdls for Rankino ovals of various sizes m-l thick-
ne9s ratios. The analysis showed that the correction could
be expressed, within tbc rango of convent ional-fiirfoil
thickness ratios, as a product of a thickness factor given
by the blocking factor A and a factor ~ which clcpcndod uprm
the size of the model and the distanm from the st utic-pressure
ori.flees to the midchord point of the model. TIN corrcctcd
indicated tunneI velocity l?’ could then bo written

v’= V“(I +A~) (3C)

where V“ “E the veIocity measured by the slatic-pmssurc
orifices. In the Langley two-dimensional low-t urbulcncc
tunnels, the distance from the static-pressure orifices to tho
midchcwd point of the model is approximately 5.5 fcct; t.hc
corresponding value of $ for a 2-foot-chord model is approxi-
mately 0.002.

In order to calcuJate the effect of Lhc tunnel walls upon (ILC

lift-distribution, a comparison is made of the lift distrilmtion
of a given airfoil in a tunrd and in frco air on the Imsis of
thin-airfoil theory. It is assumed that tho flow comtilioue
in the tunnel correspond most closely to thos~ in fmc air wluw
the additiomd lift in the tunnel and in free air are the same
(reference 87). On this basis the following corrections aro
derived (reference 87), in which the primed qurmt itics refer
to the coefficients measured in the tunnel:

cz=~l —2A(u+~)—u]ci’ (37)
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(38)

In the foregoing equations, the terms ~~~,, Umti,and rc~/4

are usualIy negligible for 2-foot<hord modeIa in the Langley
two-dimensional Iow-turbulence tunnels.

Ti%en the effect of the tunneI vialls on the pressure distri-
bution o~er the model is small, the wall effect on the drag is
merely that corresponding to an increase in the tunneI speed.
The correction to the drag coefficient is therefore given by the
folIowing rdat ion:

%nihr considerations have been applied to the development
of corrections for the pressure distribution in reference s7.

Equation (40) neglects the blocking due to the mike, such
blocking being small at low to moderate drags. The effect
of a pressure gradient in the tunnel upon 10SS of total pressure
in the wake is not easily analyzed but is estimated to be small.
The effect of the pressure gradient upon the drag has them
fore been disregarded. When the drag is measured by a
baIance, the efFect of the pressure gradient upon the drag is
&rectly additi~e and a correction shotid be applied. For
large modeLs, especially at high lift coefficients, the effect of
the tunnel walls is to distort the pressure distribution appre-
ciably. Such distortions of the pressure distribution may
cause large changes in @e bounda~ flow and no adequate
corrections to any of the coefficients, particularly the dng,
can be found.

CORRECTIONFOE RLOCKIXGATHIGH LWTS

So long as the flow follovis the airfoil surface, the foregoing
rela~ions account for the effects of the tunneI vraUs tith sutli-
cient accuracy. When the flow leav= the surface, the block-
ing increases because of the predomirmnt eEect of the wake
upon the free-stream veIocity. Since the wake effect shows
up primarily in the drag, the increase in blocking would
logicaIIy be expressed in terms of the drag. The accurate
measurement of c@ under these conditions by means of a
rake is impractical because of spanwise movements of Iow-
energy air. A method of correcting for iucreaaed blocking
at high angl= of attack without drag measurements has
therefore been devised for use in the Langley two-dimensional
low-turbulence tunneIs.

Readings of the floor and ceiLing velocities are taken a few
inches ahead of the quarter-chord point and avenged to
remove the effect of Lift. This average F, vihieh is a measure
of the effective tunnel velocity, is essentially constant in the
Iow-lift range. The quantity F/F& where FO is the average
value of F in the lo-iv-lift rangej however, shows a variation

S+M107--5+21

from unity in the high-Iift range for any airfoil tested in the
tunnel; this variation indicates a change in blocking at high
lift.a. ~ plot of F/F. againstangIe of attack aO’for a 2-foot-
chord model of the hTACA 63&418 airfoiI is given in figure 68.
The quantity F/FO is nearly constant for values of ao’ up to
1.2°; but for values of ao’ great= than 12°, ~il’o increases and
the increase is particularly noticeable at and over the stall.

f

FIG=E 63-AddlttonaI bIocMm hctor at the tunnel walM plotted against anFIe of atts&
for the NACA t.&&lS afrfdt.

A theoretical comparison was made of the blocking factor
& and the velocity measured by the floor and ceiling oriticea
for a series of Rardrine owds of various sizes and thickness
ratios. The quarter-chord po”mt of each oval -ivas located at
the pivot point, the usual position of an airfoil in tie tunnel.
The analysie showed the relation between the blocking factor
Au and the change in F to be unique for chord lengths up
to 50 inches in tl@ differenk bodies haviug the same blocking
factor Aa gave approximately the same value of l?. l?or
chords up to 50 inches, the relationship is

(41)

where AV/V is the true increment in tunnel velocity due to
blocking. The foregoing relation was adopted to obtain the

correction to the blocking in the range of l@ where ~ >1.

Considerable uncertainty exists regarding the correct
num+cal value of the coefficient occurring in equation (41).
If a ro~ of souroes, rather than the Rankine ode used in
the pr&uti rmalysis, is considered to represent the effect of
the wake, the vahe of the oodhient in equation (41) would
be approximat+ily twice the value used. Fortunately, the
correction amounts to only about 2 percent at matiuru lift
for an extreme condition with a 2-foot-chord model. Further
refinement of this currect,ion has therefore not been at tempted.

COMPARISONWITHEXPERIMENT

A check of the validity of the tunnel-wall corrections has
been made in refmence 87, which gives lift and moment
curves for models having various ratios of chord to tunnel
height, uncorrected and corrected for tunnel-wall effects.

.
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The genertd agreement of the corrected curves shows that
the method of correcting the lifk and moments is did.

A comparison is made in refercmce 87 between the theoreti-
cal correction factor (equation (4o)) and the experimentally
derived corrections of reference 88. The theoretical cor-
rection factors were found to be “ingood agreement. with those
obtained experimentally.

In order to check the validity of the q-factor, a comparison
has been made of lift mdues obtained from pressure dis-
tributions with those obtained from the integration of the
floor and ceiling pressures in the tunnel. A comparison for
two airfoils given in figure 69 shows that the two methods of
measuring lift give results that are in good agreement. The
q-factor has also been checked by comparison of the Iift
obtained from btknce measurement with the integrating-
manometer values in tlgure 70.

l?inalIy, a check has been made of the method of correcting
pressure distributions (reference 87] for h’ACA 6+eries air-
foils of two chord Iengths at zero angle of attack in @me 71,
in which the pressure coetlicients are pIotted against chord-
wise position x/c. The agreement between the corrected
presmre distributions for both modeIs verifies the method of
making the tunneI-walI corrections.
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.
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(WY 4T- AnJl”
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.6 .749 .941 L~
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1% L051 L025 L3W
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5 2.196 1.130 L E6 .630
7.5 2.656 LZS15 LQ23 .m
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. a 5al L241 L 114

H 3.4% L= .324
26 4%5 L!4?4 i= .ml
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g 4.m L266 L12.5
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45 4296 L 111 .176
50 ;Z LW9 .L56
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70 2453 L ~2 .095
i5 L!X4 kE : OI; .asz
63 L 4iI .’2s4 .O@J
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‘xl .&m .9m .9s) .044
95 . lell .Ws .932 .mo

WI o .s3s .916 0

L. E. mdhm: 0.C31w~d c
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-q =.10@per strfoce},,.
,

f o.. i

“.---./0 ~ower surfoce] “
.— — -

—

t
IVACA 63-0~

I
. .—

—
~

,
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I.m
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— I

NACA 031-012BASIC THICKNESS FORM

(pm&t c) (ImtiLtc)

L.-E. md[u.%1.IM7mrcent C

Arall-

%m

;HJ
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.m3
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o
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NACA 635018BASIC THICKNE6S FORM
2.0

!.6

1.2

I @r&t c)

L IL rMuu9:2.120percent c

.4
0

h-ACA 63L-021BASIC T~ILNESS FORM

ArJr
@r&t c)

1.( 0
.6
.75
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! 6
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g
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L. E. radhux 2.MOpercent c
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(pm&t c) @eAntd

L. E. mdlns: 14!6E-?mentc



336 REPORT NO. 82 4—NATIONAL ADVISORY CO_ITTEE FOR AERONAUTICS

20 —. . .

1,6

Cz54?? (@et- SUrfo+

.8

NACA 84-0(26

.
.4 -

c I

o

/6 t I
.-- c, ..04 (iiper” ‘surface]----..-

,
,.0 ;

1.2 >:

.8

4

0

!6 I ~ ! !

--- CZ..06 (’QO.osr “irm%c+e) -
/---- 1 I

,,0 ‘ {

()

~,?.
v

.8 —— -..

AfACA64-009

.4
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65 8.345 LOSS .109

z S27 LWI L (B9
:

.CM
%$%1 L026 LO19

so
.0s1

L722 .Om .Om . lxw
G L 176 .944 .U72 .057
w .671 .mo .949 .C44
95 .2s .Sm .$22

Km o
.mo

.s!35 .mi o

L. E. CCdIU9:0.7!2)Mm?rrt C
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.
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NACA 66,2-01SBASIC THICKNESS FORM
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(pm&t c) @r&rt c) (w)’

o
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7.S57
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m
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3.ml
3.-WO
8.739
3.WM
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1.142
L 150
L 1s
L Ku
L !2m
L 210
L 217

?Z
L 22!2
1.227
1.240
1.220
1.172
L 113
1:&

.915

.m

.747

L. E. radius: 0.620percmt c

NACA M-O1OBASIC TIHCKNESS FOR.M

--J@I” &./l”

/.6

,, c, cc.07 @pPer surface]
f

— — ~ -
\

I 1
‘--‘-:07 ~ower surface}

\

.8
\

NA&l 66-LWU

.4

0

(Pe&tc) @r&t e) (Dlv)a

o
. 7s9
. 91b

L 141
L 616
2.m7
2.6?4
2917
:.

4.ma
4.636
L 822
L 9s3

:%’
4.mb
4.om

%?
::7

L772
l.g

o

0
.2%3
.972

L023
L OiS
L126
L 1.54
L 174
L lSE
L 2M
L !U
L!233
L 243
L 240
L25b
L Ml
L236
L 270

;~

1:0#

.204

.821

.7XI
-

L. E. radfus: 0.002percent c

NAOA 00rO12BASIO THIOKNESS FORM

{.6

/

4

0 .2
“4 + “6

.8 /.0

(w&t c) (At c) u\r

ZE4W
1,847
L 575
1:~

.674

.649

. 47a

%’
.!z40
.244
.2U
. lW
.176
. Im
.147
. laa
.llb
.Om
; g4

.053

.O1o

.231
0

o

i%

%!
2. Wb
3. m7
a.4!M
4.224
4.ml
6.238

Hi%
h 947
0.000

%%
b. 5SS
h 139
4.blb
x 767
2.944
ZOm
L224
.474

0

IL. E. radiux 0.962perwnt c



suMIIA.R Y OF AIRFOIL DATA

w
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II—DATA FOR ~lEXl LIXES

NACA mean Iine 62--------------------------------------
XACAmean Iiie 63--------------------------------------
NACA mean line 64______________________________________
A’ACAmean line 65______________________________________
NAC.4 mean line 66--------------------------------------
XACA mean line 67--------------------------------------
NACA mean line 210-------------------------------------
XACAmeem line 220-------------------------------------
NACAmean 1ine230 -------------------------------------
NACAmean line 24O-------------------------------------
NACA mean line 250-------------------------------------

Page

348
.348

348
349
349
349
350
350
350
351
351

&TACAm~line a=O------------------------------------
NACAmeanlinea=O.1- ---------------------------------
NAC.Am~Iine a=O.2----------------------------------
NACAmean Iine a=O.3----_---_---------1---------------
NACAmean line a=O.4----------------------------------
NACAmem tine a=O.5----------------------------------
NACA mean line a=O.6----------------------------------
N.ACA mean line a=O.7----------------------------------
NACAmean line a=O.S ----------------------------------
NACAmean Iine a=O.9----------------------------------
NACA mean line u=I.O ----------------------------------

Page

351
352
352
352
353

.353.
353
354

.354
35%
355



348 REPORT NO. 8 24—NATIONAL ADVISORY COMMTITEE FOR AERONAUTICS

2.0

PR

Lo . ~

o

NAiA 64
meon line

.2

0 .2 .4

1

.8

“.
—

.: F7ACA MEAN LINE 02.,.

(pcr&t c)
-

Czpo.’m a{=.2.81* ~m,mm-o.lla I

Pr

o
.171
.2%

:;

.451

.8s3

. S18

.m

%
. 1ss
,lw
.231
.0J4
.@32
o

-----
NACAMEAN LINE 03

(pe%ut c). .

,.

-

‘o

k?
ho
7.6

10
m

%
.20
40
M

2

.2

1%

c~-o.so ai-1.ow c.,fl
- -0.lM

(p&it c) I dydllt I Px I Aqv-P&’4

.

NACA MEAN LINE 01

c4-O.76 UPO.74Q c.

(2de’nt c)

,4--0.157

Pz I&/l’=PE14
0 0
.257 .IXi4
.391 .009
.5M . la7

.187
;~ . M7

. mu

.242
1:E .25B
1.040
.K19 :%
.910 .22s
.$a7 .207
.760 . Isa

.159
% .117
.324

0
.mc

o



SULL31ARY OF AIRFOIL DATA 349.

o

, .-

1 U-+-t-r lll’d
/

0
\

AW4 67
me0i7 /fi7e

%2
c

I

L-u-t-t-tn-ii
o .2 .4 M .8 /.0

NAOA kIE&V LINE 63

Cryom ai=w C.4=-0.1S7

(mcint c) I@ra c) 4Jti Pa AR[T*-P&U

o 0 Q &c& o 0
L25 .Zm .m5
25

. cm
.!lmiK1

6.0
.!294 .oi4

i?% . 211WI .4M
7.6

. Im
L 666

10
.WIUJ .WZ .Im

z la . Im .143
15 8. mo . Im ;%
al

.170
aslo . Mm

?5
. lccl

L&m .m
al

.824
6.043 .W3X1 .s2

40
:=

5.i60 .m .932 .=
50 0
m

.951
k “% –. OEOO .WZ :%

–. lD3W
R

.m
!&l –. lMXJ

m
.m :%

x 160 –. I’am .5TI
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111-AIEFOLL ORDINATES

NACA OOO6---------------------------------------------
N.4CA om9---------------------------------------------
X.4C.4 lM8--------------------------------------------
N.4c.i 1410------ ---------------------------------------
A’.4C.4 l4l2---------------------------------------------
K.%c.%24l2---------------------------------------------
N.icAwI5---------------------------------------------
XACA 24l8---------------------------------------------
x.4c.42tiI ---------------------------------------------
NACA 2424---------------------------------------------
NAc.i 4412 - --------------------------------------------
A’AC.I 4415--------------------------------------------
X.4CA 44l8---------------------------------------------
ATAC.44H1---------------------------------------------
NAc.k M4---------------------------------------------
N.AC.4 23Ol2--------------------------------------------
X.4CA 2w15--------------------------------------------
XAC.4 2301S--------------------------------------------
XAC.4 23~1--------------------------------------------
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X.4C.4 63,-4l2------------------------------------------
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N.4C.4 63TOlS ------------------------------------------
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NACA 6&-221------------------------------------------
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N.4C.A woo9-------------------------------------------
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-!!2rm
-1. 4C41
-1,342
-a. lwn
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6.0
7,5.

10
15
!ut

%
M
40
46
50
66
30
06
70
7h
w

%

.?$

o

M
1,045
2.710
8sS16
4. Ml
n.SM
ri 469
7,274
7. Km
tb!xm
& m
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-6! 171
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M
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NACA 64+221 NACA 64+421NACA 64%418 NACA 643-618
[Stations and Qrdinntes glverr in pcrmrt of

afrfofl ohordl

NACA 644-021

[Ststfons and ordfnatea glvon in Nrcent of
dlfOfl chord]

[Stations and ordfnatm givm in ~rcmt rd
ShfO~ chord]

[StaIinns and ortfinutw gf m in prrcsnt of
Jafrfos ohor 1

l’+

[Stations and ordinates ghmn fn prrcnt of
afrfofl chord]

Upper anrfam \ ImwWsnI,aca [ Up7mrsnrfsm JAwer srsrfaca LowOr’SurfacaUppar Surfu?aImwor surface Urmsrsnrrax Lower .srmram

3tstf0n Ordfn.sti S@lon BtstionOrdfnrbtf
——
Mhab

0
H!%
2618
8. S33
6.182
6.624
7.2K4,

Nll
10.701
[1.240
[L 510
11.W.
11.126
LoJ~
0,702’,
8.744
‘7.679
6.621
6.310
4.(W,:
~~

:766
0

l-l

Station Ordfsrati Station
—.

Ordinatf

-! Sm
–1. MJl
-L 942
-2 6f3
-8.626
-4. X2
--& 765
–6. m
-6! 182
-6. J5M
-6.842
–& 917
-6, SW
-6.440
-h Pm
-k 266
.+615
-2 m
-% 3s3
-z 674
-1.283
-.602
-.M4

.2a4
o

:0.168

Station kdfnat4 Ststfon X-dhat

o
1.646

ii?!
W&

h 915
6.769
a 168
9.rrm

Ik %
10.4s1
10.431
10.030
Q.W4
#“sol
7. 67S
6.649
3.349
4416
S.m?
2.213
L .243
.449

0

3tation span

o
.668

1:E
27cn
6.228
7’.736

10.Z37
16.224
m. ml
23.171
80.189

.36.102
46.m?
46.682
.m#m
Mire’
69.966
64924!
(=s2.926
74 m
79+927

~ ~6
94.97Q

100.am

ord&ata Station Drdbm Drdlnat.f

o 0 0
L 608%?! 1.MO 1:E
2.am 1.6m

i% %867
4. tw 4800 %

&m 7.ma
:% 6.S28 m. 406

14617 8.277 I& 288
10.fM7 !.4).843
.24707 1;%
29.768 10.780 2 ?7
34.S28 11.IR7 8a.177
w. tW IL Om 40.115
44.945 10.323 46.056
m fml .I}32J $1~
634047
ea.w $~ 69.!314
66.114 64.836
70.181 $g
75.126 EE
86,127 4477 i9. 873
36.10s a. 29’4 S4 692
9).077 2,132 Ssh!W3
96.c87 1. @o

166.m 0, l:Z

o’
. lm
.860

1:%$
4.417
6.s96
9.NM

14.427
19.483
14.mo

?iz
39.827
4A917
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66,071!
so~l%a

$~

~ ::;.

9fh115

1%%

o
L 694

w
2.518
5.0E3
& 312
7.W32

1;%
11.006
11.mfl

:;:121

11:428
10.730
Q.876
8.370
7.764

:K
2 Sm

?E
o

-! T284
-1. 4s6
-1,810
–2. 402
-2. 1s7
-3.769
-4 23Q
-4.442Q
-5.877
-h @26
-& a
-6. 8s3
–6. 787
-6.24,5
-4306
-L ltm
+4. 444
-z 690
–1. 022
-1.174
–. 494

:W
,662

0

o
.66
,75

L26
2.6
6.0
7.6
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Ls
m

E
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46
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u
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40

RI

–-i 646
-1.233
-2,517
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-eb 7W
-& K&
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-m. mo
~34~
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~~

-3: m
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-l”w!
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0

0
.382

1:z
:%!
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~~ ;%
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%%!
84 W
29. w
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lal, lxo

–:. 6s0
-1. w
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-Q, Sm
-3.925
-& ~
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-& @n
-h 619
-4677
–3. Sm
+ 4s6
–1, 329
-.727
-: m
o

0
.x47
.445

~(g
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7. 02s
!4,628

14633
19,699
24637

EE
39.363
44.026
mm’
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60.069
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m. ]m
73.164

.s43,146
86.122
fm,m’1
95,642

la). coo

o
1.722
2101

:Z
K482
6,744
7, 7s6
9.442

10.678
LL 691
12,m
lz. E29
12672
12.’226
lL 61D
1$79J

$ :g

k ?6
3.366
:Z7J

0“

–~-h~
-1. ttzl
–2 279
–3. 090
–4. X8
-h 043
-ii n8
-& 760
-7.494
-6.01 I
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–8. 419
-6. m
–7. WI
-7Y 198
~4g.

46wf
-3,662
-2.622
-1.692
-. %94
-. X@
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0

: o.ma
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mop of radfua throrlgh L.
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[St@Ions and ordhmhw given fn psmant of
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afrfoil rhordl
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StatIon 10tifrsatel Math I0rdfnat4 Station
o
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25
m
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z
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-3.916
-& m
-a 046
-7.817
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Sa 192 4.224
al I% : 28&l
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-6.397
-h 64n
-& i7’4
:: 77;
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-2 m
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o

0 0 0
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7.465 -L 672
& 518 26,392 -L 022
Q.816 % 2s1 -4.267
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la 279 26.178 -4. WI
la 467 4Q4Q -4. w
la* -4.443
10.131 4a 647 -4.251
%612 34,727 -3. 4W
;% M696 -K .521

646W -2utui
am m ae -24W
h lm 74,7671 -l. &m
Z.ttlxl 79.s?0 -1. zis
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:ioa wm po
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46

E
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4.5
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NACA 65-009 NACA 65-206 NACA 65-209 NACA 65-210 NACA 65-410
[Slnlimrs rwl mdlnfdrs Kivon in Iwrmnl

airfrdlchord]
IRmlon. nnd ordlnalai gi m in pmwr~ d

drroitohod
[Wel.ions and trrd[natrs glv n In lmrmnl of

!

[Slat ions and ordlnatrs Eivrn in pwccnt Or
nlrfnll ahord

[Slnlions an!l o~/;;unj;s# ,n In PI.NMII.of
airfoil ahnrd] !

I Upp4r aurfam Unver surfmx Upper Iurfam

.—
Lawar uurfam Upper surkoa L4wor mrfaoo Uppnr mum 1I L4wmmIrfaca Ui]pw aurfaca Lower surfmo

,— ~——
OrdhlataStat[on Orrm’w

——
0

-. 7M
-. w

-1, Ooa
-L ‘4x
-1,901
-2.833
-2,780
-3, m
-8,727
-.4,050
-42$3
-4.4s1
-4, ‘ml
-4,489
-4>336
–4. cm
-3,748
-3, Frxj
+4 W
-3.842
-1, Wn
-L2W
-,78$4
-* m
o

Btatlon )rdlnata Station
——

Rtatlon
.—

)rdlnab StatIon
— .—

0rdlnnt4kdlnati

0
.624
,Ma
.832

1,140
1. WI
2.012
2.840

$%J

a: 824
a, W2
411W
4,078
4.W3
3, t!ao
8, w
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3.0079
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l,IWI
l:ma:

o
-

OrdIoati
-—

0
7424
-, Em
–, rm
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-. W3

-1, loi
-L 8J36
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-1, s0!4
-L 880

:~g
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- L W
-L 447
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-..

-,487
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0

t3t8110n lrdhrati StatIon hdtnat4
——

0
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–, 848

-1, !zM
-1, w?
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-a 021f
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-s, 164
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-3.401
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-31 m
-1, w
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:: ~
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o

StWlon

o
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i ml
2, 3s3
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4, Otiu
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o

o
,460
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7.487
9. aan
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19,Ma
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m, O’m
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I%=

o
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11 E
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0
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24,021
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W.M4
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o 0
,819 .5M
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L 767
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a. mo 7. fall
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{g xl, UU

%, 07E
i 732 30. Ce4

a6, MO
kg 40,032
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3, 47% 7L 9h6
a 7u3 7%Me
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I, an m. Wr3
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o 1111m

o
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-z m
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-1 W2
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-8.920
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-La!a
-L 11)1
-,711
-, m

,010
0

0
, 8+/2
. e417
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14,7un
19,s17
34,1143

all!
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44.St18
Ml,WI

E$
05,073
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76sC-so
an,PM
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w 007
96,Ow

lm. ato

o 0
,ReJ , ml

1,OIW
~,~i’ 1:%

i ml) ;%
3.487 7,711
4.067 10,212

in.!W4
:% !83.l&9
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6!702 80, 12%4

3n#W7
!% 40,M4
7, I&q .lJ,gb
7,ma
6,720 M: 971

Iw,947
“:% 04.!227
Ii.IWO 134.911f
4,872 74.910
8, h77 7Q.1)12
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1,842 89.e43
,037 W,U71

o ml, Ow

o
-, WI
–.nll
-,044

-L lW[
-1.b30
-1.701
-1, W7
-3. a14
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-2.340
~y OllJ
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-. m7
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o

1——

I
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NACA 651-012 NACA 651-212 NACA 651-212
a=O.6

I

NACA 651-412 NACA 652-015
[Stations wul nrdio.tlm Wrn In wmnt 01

nlrfoll ohmd]
[Htatlom and ordlnalcs @v n in pmxjnt of

f
[fltstlons and n$huf;~glvy In pmant 0(

airroll ohord
[Stdonm and ordlnat.rs KIVIIUin pwant of

nlrfoil ohnrd]
[Fkatlom nnd .rdhm~yh$~n in pwomt of
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.—
Loww surtam . Uppm surfm Loww surfamUD]m aurfaoe Lower mrkv
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n,073
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0.ss0

; c:
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a. MO
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0

Upmrmufaon Loworaurrao9

= =
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.—
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——.
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o
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-2,237
-% 745
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-k nw
-4744
-4 W9
-4,926
-4. BM
-49064
-L 817
-3,872
-a, W
-% 771
-2,104
-1,643
-,958
-, 43’J
-,040
0

Drdlnnt4

-! 124
-l,8t41
-I, ma
-% a24
-3,345
-a, 969
–4, 655
-h! W
-* 2%4
-1%7r14
-7, ].52
-7, aw
–7. m
-7,427
–7, Iw
:2 pJ

-h 463
–6 ml
-3,744
-% Iwl
-1,977
-1,144
J W

o

1:%
Laa7
L 875
awo
3,172
3.847
4.402
4“07rl
n,403
IL710
5,912
6. W7
h 949
h 757
b, 412
4sw
4. ml
a, 748

;g

:947
, B50

o

0
-, a%
-I,l(ra
-1, aw
-LH75
-a w
+ 172
-a, 847
-4402
-4, Q75
-6.406
-5. 71!5
-6, Q12
-5, W7
-!5! W
-5, 7b7
-6,412
:) ~

-8:748
-a, ow
y&

-: M7
~ 856

0
,428
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SUMMARY OF AIRFOIL DATA

W-PREDICTED CRITICAL MACH NUMBERS
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Criticrd Mach number tart -------------------------------
Variation of cnticd Maoh number viith low-speed section lift

coefficient:
For the N,ACA 0006, 0M19,and 0012 airfoil sections ------
For severaI N.4CA 14-series airfoil sections of various

tiickne&*s ----------------------------------------
For several NACA 24-series airfoil sectiom of various

ttick-s-----____ .__--__ -_--— ----------------
For severaI NACA 44-series airfoil sections of nu-ious

thicknesses- ---------------------------------------
For severaI N~CA 230-s&es airfoiI sections of various

thickmsx ----------------------------------------
For severaf NACA 63-series airfofl sections of various

thickness% cambemd for various design lift coefficients__
For several NACA 63-series symmetrical airfoiI sections of

wmious thicbe*s ---------------------------------
For several NACA 63-series airfoil sections of various thick-

nesses, cambered for a design lift co@ieient of 0.2------
For eeveraf N.ACA 63-series airfoil sections of various thick-

nesses, cambered for a d~=ign lift coefficient of 0.4------
For two NACA 63-e-criesairfoil sections of different thick-

ness-s, cambered for a design lift coefficient of 0.6------
For several NACA 6$aeries symmetrical airfoiI sections of

variou9 tech -----------------------------------

For severaI NACA 64-series airfoiI sections of various thick-
nesses,ccambered for a design lift coefficient of O.1------

For several NACA 64-series airfoil sections of various thick-
nesses, cambered for a design lift coe5cient of 0.2------

For several NACA 64-series airfoil sections of various tbick-
ne.ss, cambered for a design Iift ccwEicient of 0.4------

For two NACA 64-series airfoil smtions of different thick-
nesses, cambered for a design lift codicient of 0.6-----~
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376

376

377
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378

378

379

379

3s0

Variation of critical Mach number with Iow-sped section lift
co&licient-C!ontiiued

For several NACA 65-series sygmetricat airfoil sections of
variousttick~s ---------------------------------

For severaf NACA 65-series airfoiI sections with a thickness
ratio of 0.18 and cambered for various design Iift
coeffidenb---- _L----------------------------------

For several NACA 65-series airfoif sections of various thick-
ness, cambered for a design Iift coefficient of 0.2------

For several N’AC.-l 05-serfes airfoil sections of various thic3i-
nesses, cambered for a design Iift coefEcient of 0.4------

For several NACA 65-series airfoil sections with mean Iine
of the type u=O.5 and cambered for a design Iift coeEi-
&ent of 0.4-_ -.-----r ------------------------------

For two NACA 65-aeriea airfoil sections of difTemnt thick-
nesses, cambered for a design lift coefficient of 0.6------

For two NACA 65-series airfoil sections with mean line of
the type u=O.5, with different thicknesswsrand cambered
fora design lift eoeffident of 0.6---------------------

For several NAC.A 66-series symmetrical airfoi~ sections of
various ticb __________________________________

For se-rerd NACA 66-series airfoil sections of various tbfck-
nesses, cambered for a design Lift coefEcient of 0.2------

For two ~rACA 66-series airfoil sections of different thick-
nesses, cambered for a design Iift coefficient of 0.4------

For several NACA 66-s@es airfoil sections with a thickness
ratio of 0.16 and cambered for various design liit
cmfficients ----------------------------------------

For se~-eraf NACA 6-series airfofi sections with different
positions of mkdmmn pressure and various thicknesses,
cambered for various design Iift coefficients ------------

For two NACA 7-s-criesairfoiI sections with a thickness ratio
of 0.15 snd cambered for different.design lift coef6cients--
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